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“Research is what I’m doing when 
I don’t know what I’m doing” 
Wernher von Braun 
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Thirdhand smoke (THS) is a novel way of exposure to tobacco smoke 
compounds little known in our society. THS contamination begins when 
cigarette smoke is extinguished and airborne compounds deposit on 
surfaces near to the smoking area. These compounds remain for long 
periods of time in indoor environments, leading to their aging and the 
possibility of reacting with other compounds present in the environment 
to form secondary pollutants that could be more toxic than primary 
compounds. This type of contamination is of especial concern in homes 
of children with smoking parents, since the ways of exposure to THS 
toxicants are ingestion, dermal absorption and inhalation. Consequently, 
children habits like crawling, playing on the floor or bringing objects to 
mouth turns them into the most vulnerable population. Hence, it is 
crucial to have a broader knowledge of this type of contamination and 
the health effects associated to THS exposure, to protect children and 
people who live with smokers from this source of exposure.  
Tobacco smoke is made up of thousands of compounds and many of 
them toxic and carcinogen. To date, research on the chemical 
characterization of THS has been mostly focused on the analysis of 
tobacco-specific compounds, as nicotine and carcinogenic tobacco 
specific nitrosamines (TSNAs). Since these compounds are found at very 
low concentrations in the environment and present different physic-
chemical characteristics, robust and sensitive analytical methods are 
required for their determination. For the assessment of THS-induced 
health effects, research has mainly focused on the determination of 
exposure biomarkers in biological matrices and the evaluation of known 
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health markers in vivo and in vitro models to characterize the health 
effects derived from THS exposure.  
However, for a comprehensive characterization of THS it is crucial 
the use more holistic approaches to achieve a better assessment of the 
risks associated to THS exposure and to broaden the current knowledge 
of THS-induced damage and health effects. 
Hence, the main objective of this thesis is to advance on the current 
knowledge of THS by using novel target and untargeted approaches. To 
accomplish that, this thesis has been divided in two secondary 
objectives: to improve the chemical characterization of THS, and to 
advance on the health effects derived from THS exposure.  
In this thesis, we have combined the determination of targeted 
tobacco-specific toxicants with non-target screening (NTS) to improve 
the chemical characterization of THS. The first study presented here 
focuses on the development of a novel analytical method for the 
simultaneous determination of nicotine, cotinine and four tobacco-
specific nitrosamines (TSNAs) in household dust by using ultra high-
performance liquid-chromatography (UHPLC) coupled to tandem mass 
spectrometry (LC-MS/MS) using a triple quadrupole (QQQ) mass 
spectrometer. The developed method, based on a QuEChERS (Quick, 
Easy, Cheap, Effective, Rugged, and Safe) extraction, is high-throughput, 
easy to automatize and more cost-effective than the methods reported 
by the literature. 
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In the second study included in this thesis, we have applied for the 
first time a combination of targeted and NTS strategies for the advance 
characterization of household dust from smokers’ and non-smokers’ 
homes. Results of the targeted analysis confirmed the ubiquitous 
presence of tobacco-specific toxicants, even in smoke-free homes. The 
untargeted workflow developed combined the acquisition by UHPLC 
coupled to high-resolution mass spectrometry (HR-MS) with the 
application of advanced data processing strategies, the statistical 
prioritization of relevant features and a novel strategy for compound 
annotation. Results presented in this thesis show that the combination of 
these two approaches provided for the first time the annotation of 
dozens of toxicants related to THS contamination. 
We also present the application of multiplatform untargeted 
metabolomics to unravel the molecular alterations of liver from mice 
exposed to THS. We used two analytical platforms (UHPLC-HRMS and 
nuclear magnetic resonance, NMR) for a comprehensive determination 
of the altered metabolites in liver extracts, and mass spectrometry 
imaging (MSI) for the study of the differential spatial distribution of lipids 
in the liver tissues. The results presented in this thesis indicate that THS 
exposure dysregulate several hepatic metabolic pathways and abnormal 
lipid metabolism known as NAFLD, being oxidative stress the main 
mechanism for the alterations suffered. The lipid liver accumulation was 
confirmed by MSI, which permitted the visualization and determination 
of the lipid species that accumulate in liver.  
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The results presented in this thesis confirm the ubiquitous presence 
of THS contaminants, provide an improved chemical characterization and 
unravel new molecular alterations underlying THS exposure, thus 
confirming the health risks associated to this exposure. These results also 
demonstrate that the use of untargeted approaches in combination of 
robust targeted methods are key for the comprehensive study 
environmental health risks. 
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1.1  Thirdhand smoke  
Passive smoking is estimated to be the cause of about 1.0% of worldwide 
mortality, approximately 600,000 deaths each year 1. Secondhand smoke (SHS), 
also known as environmental tobacco smoke (ETS), is composed by the 
mainstream smoke exhaled while smoking, and the side stream smoke emitted 
from the burning cigarette. This mixture contains over 4,700 chemicals 
including hazardous amines, carbonyls, hydrocarbons and metals, among 
others 2–4. SHS hazards and health effects have been studied from different 
science branches such as medicine, psychiatry, toxicology and environmental 
science. Scientific evidence has unequivocally established that exposure to 
tobacco smoke causes death and diseases including, among others, lung and 
breast cancer, ischemic heart disease, and asthma in adults, and lower 
respiratory tract infection, sudden infant death syndrome, and low birth weight 
in children 5. As a result of the globalization of the tobacco epidemic in 2003 
there was the first international treaty for guiding national tobacco laws 
negotiated under the auspices of the World Health Organization (WHO); The 
WHO Framework Convention on Tobacco Control (WHO FCTC) 6. These policies, 
made to promote public health and to protect people from tobacco smoke 
exposure in public places, have been adopted to date for 180countries 
including the USA and 50 WHO European member States7. They also allowed to 
bring the scientific knowledge of SHS health effects closer to the population. 
Although most of the population is aware of the hazards of tobacco 
consumption and SHS exposure, few people are aware that these hazards 
continue long after cigarette consumption through the so-called thirdhand 
smoke (THS).  
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THS is a novel pathway of tobacco smoke exposure produced by the 
accumulation of SHS particles and gases, which can absorb to indoor particles 
and surfaces, resuspend, reemit back into the air and react with oxidants or 
other environmental compounds to form secondary pollutants 8–12. THS is a 
rather complex mixture, and its entire composition is yet to be elucidated. To 
date the constituents identified in THS include tobacco-specific toxicants, such 
as nicotine, tobacco-specific nitrosamines (TSNAs) and other nicotine alkaloids, 
and non-specific toxicants such as volatile nitrosamines, aromatic amines, 
polycyclic aromatic hydrocarbons (PAHs), and volatile carbonyls among others 
12–16. In order to better understand the complexity of THS chemical 
composition, during the elaboration of this doctoral thesis we have compiled 
the current knowledge of the organic compounds identified in THS samples. 
This list is part of the NORMAN Suspect list Exchange 17—which is as a central 
access point to find suspect lists relevant for environmental monitoring— and it 
has been published at the CompTox Chemicals Dashboard (DSSTox) of the 
United States Environmental Protection Agency (EPA) website 18. Table 1 shows 
the 95 compounds included in this list, classified by compound category, their 
chemical name, molecular formula and the DSSTox substance identifier 
(DTXSID).  
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Table 1. List of the 95 organic compounds identified to date in THS, their compound 
category, chemical name, molecular formula and DSSTox substance identifier (DTXSID) . 







































NAB: N-nitrosoanabasine  C10H13N3O DTXSID3021019 






Methyl nicotinate: 3-Pyridine 
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NDMA: N-nitrosodimethylamine  C2H6N2O DTXSID7021029 
NMEA: N-nitrosomethylethylamine  C3H8N2O DTXSID6021036 
NDEA: N-nitrosodiethylamine  C4H10N2O DTXSID2021028 
NDPA: N-nitrosodi-n-propylamine  C6H14N2O DTXSID6021032 
NPyr: N-nitrosopyrrolidine  C4H8N2O DTXSID8021062 
Nmor: N-nitrosomorpholine  C4H8N2O2 DTXSID4021056 
Npip: N-nitrosopiperidine C5H10N2O DTXSID8021060 
NDBA: N-nitrosodi-n-butylamine  C8H18N2O DTXSID2021026 
AROMATIC 
AMINES 
2-Methylaniline C7H9N DTXSID1026164 
2-Naphthylamine C10H9N DTXSID2020921 
2-Anisidine C7H9NO DTXSID5023877 
Aniline C6H7N DTXSID8020090 
4-aminobiphenyl C12H11N DTXSID5020071 
2,6-Dimethylaniline C8H11N DTXSID8026307 





9-nitroanthracene C14H9NO2 DTXSID5025730 
1-nitropyrene C16H9NO2 DTXSID6020983 
Benz[a]anthracene C18H12 DTXSID5023902 
Benzo[b]fluoranthene C20H12 DTXSID0023907 
Benzo[j]fluoranthene C20H12 DTXSID8052691 
Benzo[k]fluoranthene C20H12 DTXSID0023909 
Benzo[a]pyrene C20H12 DTXSID2020139 
Dibenz[a,h]anthracene C22H14 DTXSID9020409 
Dibenzo[a,i]pyrene C24H14 DTXSID9059751 
Dibenzo[a,e]pyrene C24H14 DTXSID3052690 
Indeno[1,2,3-cd]pyrene C22H12 DTXSID8024153 
5-Methylchrysene C19H14 DTXSID6063143 
NITROGENATED 
VOCS 
3-Vinylpyridine C7H7N DTXSID90149912 
2-Vinylpyridine C7H7N DTXSID1026667 
2-Methylpyridine C6H7N DTXSID9021899 
3-Methylpyridine C6H7N DTXSID9021897 
3-Ethylpyridine C7H9N DTXSID6060212 
Pyridine C5H5N DTXSID9021924 
Pyrrol C4H5N DTXSID5021910 
Acetonitrile C2H3N DTXSID7020009 
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Propionitrile C3H5N DTXSID1021879 
Acrylonitrile C3H3N DTXSID5020029 
AROMATIC 
HYDROCARBONS 
2-Methylfuran C5H6O DTXSID9025611 
2,5-Dimethylfuran C6H8O DTXSID7022093 
Benzaldehyde C7H6O DTXSID8039241 
Benzene C6H6 DTXSID3039242 
Benzo(b)furan C8H6O DTXSID6020141 
Dibenz(a,j)acridine C21H13N DTXSID4059758 
7H-Dibenzo[c,g]carbazole C20H13N DTXSID9059755 
Ethylbenzene C8H10 DTXSID3020596 
Furan C4H4O DTXSID6020646 
Iso-Propylbenzene C9H12 DTXSID1021827 
m-Ethyltoluene C9H12 DTXSID6050386 
m,p-Xylene C9H12 DTXSID80109469 
m-Xylene C9H12 DTXSID6026298 
p-Xylene C9H12 DTXSID2021868 
n-Propylbenzene C9H12 DTXSID3042219 
Naphthalene C10H8 DTXSID8020913 
1-Ethyl-2-methylbenzene C9H12 DTXSID2050403 
o-Xylene C8H10 DTXSID3021807 
p-Ethyltoluene C9H12 DTXSID9029194 
Nitrobenzene C6H5NO2 DTXSID3020964 
Styrene C8H8 DTXSID2021284 




2,3-Butanedione C4H6O2 DTXSID6021583 
2-Butanone C4H8O DTXSID3021516 
Acetaldehyde C2H4O DTXSID5039224 
Acetone C3H6O DTXSID8021482 
Acetophenone C8H8O DTXSID6021828 
Propenal C3H4O DTXSID5020023 
Methacrylaldehyde C4H6O DTXSID0052540 
Chloromethane CH3Cl DTXSID0021541 
Dichloromethane CH2Cl2 DTXSID0020868 
Solanesol C45H74O DTXSID60884580 
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Butane C4H10 DTXSID7024665 
Isobutane C4H10 DTXSID1026401 
n-Decane C10H22 DTXSID6024913 
n-Nonane C9H20 DTXSID9025796 
1,3-Butadiene C4H6 DTXSID3020203 
1,3-Pentadiene C5H8 DTXSID3027160 
1-Butene C4H8 DTXSID1026746 
1-Nonene C9H18 DTXSID2059562 
1-Octene C8H16 DTXSID6025804 
d-Limonene C10H16 DTXSID1020778 
Isoprene C5H8 DTXSID2020761 
 
Nicotine and TSNAs have been widely studied as THS markers since they 
are tobacco-specific toxicants. Nicotine is the main compound in tobacco filler, 
ranging from 7.2 to 18.3 mg/cigarette depending on the cigarette brand 4, and, 
in consequence, it is the most abundant organic compound emitted during 
tobacco smoking, from 0.5 to 2 mg/cigarette in mainstream cigarette smoke 19. 
Nicotine sorbed to indoor surfaces can react with ambient nitrous acid (HONO) 
and other common atmospheric oxidants to form TSNAs such as 1-(N-methyl-N-
nitrosamino)-1-(3-pyridinyl)-4-butanal) (NNA), 4-(methylnitrosamino)-1-(3-
pyridinyl)-1-butanone (NNK), and N-nitroso nornicotine (NNN) 20,21, see Figure 
1. Of those TSNAs, NNK and NNN have been classified as carcinogenic to 
humans (Group 1) by the International Agency for Research on Cancer (IARC) 22. 
Although NNK and NNN are frequently found in tobacco smoke in the range of 
50-200 ng/cigarette 4, NNA has not been reported in tobacco smoke due to its 
reactivity and instability at high temperatures during tobacco pyrolysis 23. 
Therefore, NNA could potentially be an exclusive tracer of THS. 
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Figure 1. Proposed mechanism for the surface-mediated formation of TSNAs from 
nicotine in the presence of nitrous acid HONO (NO+)22. 
 
The determination of tobacco-specific toxicants concentrations, such as 
nicotine and TSNAs, is key for the chemical characterization of THS, the 
detection of contaminated spaces and to understand the changes of THS 
chemical composition over time. To date, THS toxicants have been determined 
in dust and surfaces from smokers homes 24–27, cars 28  and public spaces such 
as hotels 29,30, a casino 31, and outdoor particles 32,33. Conversely to SHS that can 
be easily removed by ventilation, THS can remain for long periods of time in 
indoor spaces 34, persisting in homes previously occupied by smokers 35,36,  and 
at least for 6 months in homes occupied by smokers who quit smoking 37. 
Hence, non-smokers living with smokers, including children with smoking 
parents, are exposed to tobacco toxicants even if they are not present when 
tobacco is consumed.  
THS exposure occurs through ingestion, dermal absorption and, to a lesser 
extent, through inhalation 38. These predominant ways of exposure make 
infants the most vulnerable population. Children are estimated to ingest more 
than twice dust than adults 39 because of their behaviour in the first years of life 
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and their hand-and object-to-mouth habit 40. For the assessment of human 
exposure to THS, research has focused on the analysis of biomarkers in 
biological fluids.41 However, it is still necessary to find reliable biomarkers able 
to differentiate between low SHS and THS exposure. 
Regarding the impact of THS exposure in health, few exposure studies have 
been conducted on humans, besides most of them are limited to monitoring 
biomarkers in biofluids, hair and nicotine in hands. Despite the few studies 
conducted in humans THS exposure has been related to an increase of cough 
related-symptoms in children 42 and with higher levels of exhaled nitric oxide in 
kids with asthma 43. It has also been found a linear relationship between 
respiratory symptoms and THS biomarkers levels in adolescents 44. In a 
designed experiment for the study of the health effects of inhaled THS, nasal 
epithelium samples from healthy women revealed the differential expression of 
389 genes compared to participants that inhaled clean air 45. Since it is known 
that active smoking and SHS genotoxicity is one of the critical mechanisms 
responsible for many types of cancer 46 the genotoxic potential of THS has been 
tested 47–49. Works conducted with cells showed that THS exposure causes 
alterations in both animal and human cellular functions 48, including 
mitochondrial stress and small alterations in gene expression 50, alteration of 
the gene expression of male murine reproductive cells 51 and structural changes 
in DNA in Human hepatocellular carcinoma (HepG2)  cells 52. In animal models, 
THS has been associated with an increased lung cancer risk 53, insulin resistance 
54 the induction of hepatic steatosis 55 and a delayed wound healing and altered 
inflammatory response in the mice skin among others 56. Of these studies only 
one has used a metabolomic approach, concluding that exposure to THS at very 
low concentrations causes metabolic changes in two different types of male 
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reproductive cells, including alterations in glutathione, nucleic acid and 
ammonia metabolisms 51.  
Despite current evidences on THS health impact, knowledge about THS is 
yet to expand. In order to advance on THS characterization and health effects it 
is crucial the use of more holistic approaches for the study of the chemical 
composition of THS and the health effects associated to its exposure.  
 
1.2 Environmental Exposure   
Nowadays there is a worldwide growing interest in knowing how the 
chemicals and toxics to which we are exposed affect our health. The health 
effects of such exposure will depend on the intrinsic characteristics of the 
chemical, the degree of exposure as well as the concentration of the toxic and 
the characteristics of the individual such as, age sex and genotype 57,58. To 
characterize the risks of such exposure, there are two main sciences that 
converge, in one hand analytical chemistry to identify and characterize those 
chemicals and pollutants and, on the other hand molecular biology and 
biochemistry, to understand how these chemicals interact with our body and 
affect our health.  
A great challenge in environmental exposure is the control of the risks 
associated to mixtures of emerging contaminants. THS markers are emerging 
contaminants that deposit on surfaces and especially in indoor settled dust and 
particles. Indoor settled dust is a complex matrix that provides valuable 
information for the assessment of human indoor exposure and the compounds 
attached to house dust are indicators of both indoor and outdoor chemical 
contamination. Moreover, settled dust represents average levels of 
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contamination over long periods of time and can be useful for retrospective 
exposure assessment 59. According to a recent European Commission report, 
Europeans spend 90% of their time in indoor environments and that indoor 
spaces can be at least twice polluted as outdoor environments 60. Therefore, 
the characterization of indoor pollution is key in human exposure assessment. 
Different methods have been developed for the analysis of organic 
contaminants in dust 61–63, and although these methods have been shown to be 
sensitive and selective, they aim to quantify and study only a small number of 
compounds. However, due to the number of compounds present in dust, 
generic analytical techniques to measure a broader range of compounds in a 
single study are becoming essential to overcome the challenges in analyzing 
complex matrices that contain many targeted and non-targeted compounds at 
different concentrations. Hence, High-resolution mass spectrometry (HRMS) is 
very suitable for these applications due to the high resolving power, mass 
accuracy, and sensitivity in full scan acquisition 64,65. Nevertheless, few studies 
have been performed for the untargeted analysis of indoor dust using HRMS 66–
68.  This is due to the fact that these approaches are not stablished enough in 
the environmental field. Since this problem has challenged environmental 
chemists for decades the capabilities and limitations of untargeted approaches 
have been evaluated. Two different collaborative nontarget screening trial on 
controlled test household dust samples have been organized by the EPA (EPA's 
Non-Targeted Analysis Collaborative Trial)69 and by the NORMAN network 
(Network of reference laboratories, research centers and related organizations 
for monitoring of emerging environmental substances) 70. The results of these 
initiatives highlighted the need for unified workflows to advance in the 
characterization of samples and in the search for new environmental markers. 
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Hence, one of the major trends in THS research is to develop fast and 
efficient analytical methods for the trace analysis of known and unknown 
compounds in settled dust. To date, no previous research has focused on the 
untargeted analysis of compounds related to THS in dust, thus opening the 
possibility of discovering new THS markers.  
Analogously to the environmental field, for the assessment of THS-induced 
health effects it is crucial the use more holistic approaches. In this sense 
“omics” sciences of transcriptomics, proteomics and metabolomics seem to be 
the most suitable techniques. Among the omics sciences, metabolomics is 
particularly important for the assessment of progressive disease and 
environmental exposure since it offers a faster biological response to changes 
in the microenvironment compared to proteins or mRNA 71. Therefore, 
metabolomics would be able to provide new insights on the health effects 
produced by THS exposure. As far as we know, only one previous study has 
used metabolomics to assess THS exposure 72. 
Metabolomics is the study of endogenous and exogenous low molecular 
mass compounds (i.e. metabolites) in a cell, tissue or biofluid 73–75. These 
metabolites include lipids, sugars and amino acids that serve as substrate and 
products of enzymatic reactions. Metabolites are influenced by gene, 
environmental factors, disease, nutrition and other aspects that can unbalance 
cell homeostasis. Therefore, the metabolome is the reflection of the 
combination of endogenous effects like genetics, and exogenous effects such as 
lifestyle and environmental factors. Metabolomics have been applied to 
multiple research fields including disease diagnosis, biomarker discovery, drug 
discovery and development, toxicology, food science and nutritional studies 
76,77. The basis of most of these applications is that the metabolic response to a 
natural or anthropogenic stressor is used to obtain information of the biological 
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state of the studied organism. Depending on the detected metabolites we can 
determine changes on the energetic, reproductive or oxidative status of the 
organism 57, as well as discover biomarkers and elucidate relationship between 
metabolite levels and external stressor 78. Metabolome profiling is typically 
performed either by target and untargeted methods. However, due to the large 
chemical complexity of the metabolome, untargeted approaches using multiple 
analytical platforms are needed to analyse the entire range of metabolites 79. 
Targeted approaches are based on the analysis of known compounds while 
for the analysis of unknowns, the development of untargeted methodologies is 
required. Targeted approaches are hypothesis-driven and refer to a method in 
which a small and well-defined set of known compounds are determined and 
commonly quantified. These compounds are usually at trace levels, therefore, 
their determination require analytical methods with high sensitivity, specificity 
and robustness 80. Targeted analysis implies an important analytical effort for 
the optimization of all the steps involved in the analytical workflow, from 
sample collection, storage and preparation to the optimization of the 
instrumental parameters to achieve detection at trace levels. Data processing 
and interpretation are well stablished techniques and typically performed using 
vendor software.  
In contrast untargeted approaches are hypothesis-free and provide a global 
analysis or comparative overview between two or more different sample 
groups. Untargeted methods require minimal and non-selective sample 
preparation, aiming to get coverage of a wider range of analytes by simple 
preparation steps. These minimum sample manipulation permits the use of 
multiplatform approaches, since no single analytical technique is suitable for 
the detection and identification of compounds with different chemical and 
physic characteristics. Compound identification is performed using existing 
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chemical repositories and libraries or in-house libraries 66. The main differences 
between targeted and untargeted analytical strategies are summarized in 
Figure 2.  
The principal advantage of untargeted approaches, either in the environmental 
and metabolomics field is that unexpected and novel responses are captured. 
Hypothesis-free studies provide the most appropriate route to detect changes 
in analyte concentrations, maximizing the number of analytes detected and 
providing the opportunity to observe changes. Therefore, for a holistic study of 
THS, this thesis focuses on the application of targeted and untargeted 
approaches to advance on the characterization of the chemical composition of 
THS as well as the study of targeted biomarkers and untargeted metabolomics 
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Figure 2. Main differences between targeted and untargeted approaches throughout 
the analytical process (adapted from Spánik, et.al). 81 
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1.3  Analytical techniques 
The methods more used for the determination of trace organic analytes in 
environmental and biological samples are gas chromatography (GC) and liquid 
chromatography (LC) as separation techniques coupled to mass spectrometry 
(MS), being tandem mass spectrometer mode MS/MS the most reliable 
technique for identification purposes. For untargeted analysis high resolution 
tandem mass spectrometry instruments, coupled with soft ionization 
techniques to liquid and gas chromatography (LC-HRMS, GC-HRMS) allow 
sensitive and untargeted detection of thousands of compounds 82. Moreover 
over the past two decades, nuclear magnetic resonance (NMR) has emerged as 
one of the principal analytical techniques used in metabolomics 83.  
Furthermore, using mass spectrometry imaging (MSI), metabolites can be 
spectrometry spatially localized within biological specimens like vegetal or 
animal tissues and cell cultures84.  
A combination of the different techniques commented above have been 
used for the development of the different projects included in this thesis. A 
detailed explanation of the techniques and instruments used is provided in next 
sections.  
 
1.3.1 Mass Spectrometry  
Mass spectrometry (MS) is a powerful analytical technique used to identify 
and quantify analytes using the mass-to-charge ratio (m/z) of ions generated 
from a sample. Results are displayed in the form of a mass spectrum, which is a 
graphical representation of ion abundance versus m/z. Since molecules 
fragment in a unique manner under given conditions, it is possible to identify 
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the molecule based on the resulting molecular mass and the masses of its 
fragments 85.  
Mass spectrometers are routinely coupled to chromatography systems in 
order to separate sample compounds prior to the identification by MS. Mass 
spectrometers typically consist of the following elements: inlet, source, mass 
analyzer and ion detection module 86.  
a) Inlet: Is the injection system used to introduce the sample to the 
ionization source. The sample can be introduced manually in the case of 
direct injection or through a connection system working at high pressure in 
the case of coupled with chromatography instruments.  
b) Ionization source: Is the module in which sample is ionized and 
transferred from the liquid phase into gas phase, generally by spraying the 
sample through a metal capillary by a turbulent air stream. The ionization 
consists of a physic-chemical process that converts neutral molecules to 
electrically charged molecules. There are two main types of ionization 
methods: soft ionization methods that leave the structure of the original 
molecule relatively unharmed; and hard ionization methods that fragment 
the compound molecular structure into smaller fragment ions (in-source 
fragmentation).  
In LC-MS systems, three major soft ionization methods are available: 
electro spray ionization (ESI) mainly used in the characterization of 
biomolecules, ionic and very labile organic and organometallic compounds 
87, atmospheric pressure chemical ionization (APCI) used for medium to 
non-polar organic compounds and synthetic polymers and atmospheric 
pressure photo ionization (APPI) which is less widespread. The most 
common ionization methods used in LC-MS are ESI and APCI 88,89. 
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Electrospray Ionization (ESI) 
ESI uses electrical energy to produce ions using an electrospray in which a 
high voltage (e.g. 2.5-6.0 KV) is applied to a liquid to create an aerosol. ESI 
involves three steps: first dispersion of a fine spray of charge droplets, 
followed by solvent evaporation and ion ejection from the highly charged 
droplets. The charged droplets, generated at the exit of the electrospray 
tip, pass down a pressure and potential gradient toward the mass analyser 
of the spectrometer. The charged droplets are continuously reduced in size 
by the evaporation of the solvent acquired with and elevated ESI-source 
temperature and/or another stream of nitrogen drying gas 90. A scheme of 
the ESI ionization from Forcisi, et.al. 91 is displayed in Figure 3. This soft 
ionization technique include little or no fragmentation thus enhancing the 
generation of [M+zH]z+ ions in the case of positive ESI ionization and [M-
zH]z- ions in the case of negative ESI ionization 92. However, in ESI positive 
mode it is quite common the formation of adducts such as [M+Na]+ or 
[M+K]+, this ions can be easily formed in the gas phase by non-covalent 
interactions between the generated ions and the neutral solvent molecules 
91.  
 
Figure 3. Scheme of the ESI ionization process 91.  
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Atmospheric pressure chemical ionization (APCI) 
APCI is a soft ionization method that uses gas-phase ion-molecule reactions at 
atmospheric pressure (105 Pa). As it can be seen in Figure 4, in APCI the sample 
is dissolved in a solvent and pumped through a capillary inside an uncharged 
quartz tube. At the end of the capillary, the sample is converted into an aerosol 
and then vaporized with the help of nitrogen gas at very high temperature 
(~350-550 °C) condition. The gaseous solvent and sample are then ionized by a 
corona discharge, in which a highly charged electrode creates an electric field 
strong enough to ionize nearby molecules. A potential of several kilovolts 
applied to the electrode typically remove an electron from a neutral molecule, 
without depositing enough internal energy to cause fragmentation. The corona 
discharge may directly ionize an analyte molecule to form a radical cation 
(M+●). Different radical reactions can spontaneously occur between solvent and 
analyte radicals. The resulting analyte ions (M+● or [M+H]+) are then injected 
into the mass spectrometer for detection.88,93 
 
Figure 4. Schematic diagram of APCI process 94 
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ii) Mass analyzer: Ions are analyzed using either beam type analyzers such 
as quadrupole, time-of-flight (TOF) or trapping mass analyzers (such as ion 
trap (IT) or Orbitrap). The main difference is that trapping systems resolve ions 
discontinuously while ion-beam instruments do it continuously 95. Mass 
analyzers separate the ions according to their m/z by applying a differential 
equation of motion of charged particles. Mass analyzers use either static or 
dynamic fields, and magnetic or electric fields to accelerate, sort and drive 
ions to the detector. Ion trap (IT), Orbitrap, and Fourier transform ion 
cyclotron resonance (FTICR) mass analyzers separate ions based on their m/z 
resonance frequency, while quadrupoles (Q) use m/z stability of the ions 
trajectories in oscillating electric fields, and time-of-flight (TOF) analyzers uses 
time.96. As a consequence, each analyzer present different acquisition 
capabilities thus influencing the following parameters:  
• Resolution: is defined as the ability to distinguish two peaks of 
different mass-to -charge ratios (ΔM/z), in a mass spectrum. 
Fundamentally, mass spectrometers can be classified as either unit-
mass-resolution (the mass could only be measured to single-digit units: 
nominal mass) which is the case of quadrupole mass analyzers or high-
resolution instruments (capable of mass measurements on several 
decimal places: accurate or exact mass) such as TOF and Orbitrap. 
• Mass accuracy: is defined as the difference between the 
experimental and theoretical mass of a given sum formula. It can be 
calculated either as (Experimental mass – Theoretical mass) in Da or by:  
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• Sensitivity: the minimal concentration of a compound leading 
to a peak intensity greater than a specified signal-to-noise ratio (s/n)  
• Scan speed/rate: the frequency at which the instrument is 
recording ion abundances, it is measured as the number of duty cycles 
that can be performed in one second (Hz). Depending on the 
architecture of the analyzer and the detector, this speed can go from 1 
to 100 Hz. 
• Mass range: It is the range of m/z values at which the analyzer 
performs with maximal mass accuracy and sensitivity.  
 
d) Mass detector: The detector records the charge induced (or a 
change in current) produced when an ion passes by or hits a surface, these 
are associated to abundance of the previously measured molecular ions, a 
task solved by the instrument software. Because the number of ions 
leaving the mass analyzer at a particular instant is quite small, typically 
electron multipliers are used to get an amplified signal 97.  
 
1.3.1.1 Tandem Mass Spectrometry  
Tandem mass spectrometry, also known as MS/MS or MS2 offers increased 
selectivity by the selection of a compound-specific precursor ion in the first 
mass spectrometer, fragmentation of the precursor ion in a collision cell, and 
subsequent selection of the specific fragment or product ions in a second mass 
spectrometer 98,99.  There are different combinations of mass analyzers to carry 
out MS/MS experiments, the selection of the mass analyzer will depend on the 
purpose of the experiment. For instance, triple-quadrupole (QQQ) instruments 
are limited in resolution and mass accuracy, but they offer a high dynamic 
range and excellent sensitivity, which make them ideal instruments for targeted 
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analyses. On the other hand, the emergence of tandem high-resolution mass 
spectrometry (THRMS) provide accurate monoisotopic mass measurements 
and high-resolution MS/MS or MSn spectra for target confirmation and for the 
identification of unknown compounds 100. Time of Flight (TOF) and Orbitrap are 
the most widely used mass analyzers in THRMS. These hybrid mass 
spectrometers are designed for untargeted or targeted screening with high-
confidence confirmation, and enable identification and quantitation of 
compounds with greater confidence, resulting in a broad range of qualitative 
and quantitative applications101.  
Triple quadrupole (QQQ) 
Among the different possible combinations of MS instruments, triple 
quadrupole (QQQ) instruments have taken the lead in the analysis of target 
compounds, mainly due to the higher sensitivity and selectivity of applying 
tandem MS (MS/MS) operated in multi-reaction monitoring (MRM) mode 90. 
Briefly, in a triple quadrupole QQQ, three quadrupoles (Q1, Q2, and Q3) are 
lined up in a row. A scheme of the QQQ instrument is displayed in Figure 5. 
Basically, precursor ions are selected in Q1 and sent to Q2 for dissociation 
(fragmentation). The generated product ions are sent to Q3 for mass scanning. 
However, Q1 and Q3 can work in different data acquisition modes, being the 
most used:  
a) Product scan: the first quadrupole Q1 is set to select an ion of a 
known mass, which is fragmented in Q2, then Q3 is set to scan the 
entire m/z range, giving information on the sizes of the fragments 
made. The structure of the original ion can be deduced from the ion 
fragmentation information. This method is commonly performed to 
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study molecular structure and identify transitions used for 
quantification by tandem MS.  
b) Selected reaction monitoring (SRM): both Q1 and Q3 are set at 
a specific mass, allowing only a distinct fragment ion from a certain 
precursor ion to be detected. If Q1 and/or Q3 are set to more than a 
single mass, this configuration is called multiple reaction monitoring 
(MRM). This method results in increased sensitivity and it is used for 
compound quantification 102.  
 
 
Figure 5. Scheme of a triple quadrupole instrument 94 
 
Quadrupole Time of Flight (Q-TOF) 
Q-TOF systems use the high compound efficiency of quadrupole technology 
in combination with the rapid analysis speed and high mass resolution 
capability of time-of-flight. Q-TOF offer higher resolution than a single TOF 
(60.000 vs 20.000) but low mass accuracy ( 2ppm vs 1ppm) respectively 100. Q-
TOF, is the most widely used THRMS, and has its own unique advantages, 
including (i) fast acquisition speed and rapid determination of the sample, (ii) 
wide mass range up to 40 000 m/z.  As can be seen in Figure 6 Q-TOF is 
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connected in series with a quadrupole mass analyzer and a TOF mass analyzer. 
The ions that are generated by the source first enter the quadrupole, then the 
ions that are stable oscillating in the quadrupole electric field will pass through 
the collision cell into the TOF mass analyzer. With this configuration the 
instrument can work in two distinct modes, full scan mode where all ions are 
transmitted to TOF to provide accurate mass scan of the unfragmented 
precursors ion, and MSMS mode that can use the quadrupole in filter mode, 
transmit ions into the collision cell and the subsequent product ions and any 
unfragmented precursor ion to the TOF analyzer 103.  
 
Figure 6. Scheme of the qTOF instrument 103 
 
Q-Orbitrap 
The Quadrupole Orbitrap MS (Q-Orbitrap) is a Fourier Transform based 
hybrid instrument with a quadrupole as first mass analyzer followed by high 
resolution Orbitrap. It can combine high-performance quadrupole precursor 
selection with high-resolution and accurate-mass orbitrap detection. The 
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strongest point of Orbitrap is its high resolution (150.000 FWHM)  and high 
mass accuracy which can reach up to 1ppm under standard internal calibration 
conditions 101. 
As shown in Figure 7, the hybrid quadrupole-Orbitrap mass spectrometer 
mainly includes an ion source, which is APCI for most of these instruments, a 
stacked-ring ion guide (S-lens), a quadrupole mass filter, a curved linear trap (C-
trap), a Higher-energy Collisional Dissociation (HCD) cell, and an Orbitrap mass 
analyzer.  
In this configuration the quadrupole works as ion transmission device with 
the possibility to filter the transmitted ion according to its m/z ratios. The ions 
are transferred into the C-Trap and then injected into the Orbitrap mass 
analyzer to get mass spectra. In addition, ions are passed through the C-Trap 
into the High Energy Collisional Dissociation HCD cell to conduct MS/MS 
experiments in combination with the quadrupole mass filter. 
 
Figure 7. Scheme of the hybrid quadrupole-Orbitrap mass analyzer 104 
Both Q-TOF and Q-orbitrap instruments can perform data acquisition in 
target and non-target modes. In targeted acquisition the mass analyzer is 
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specifically optimized to detect only pre-determined compounds 105. 
Untargeted acquisition can be classified in two groups:  
a) Data-dependent acquisition (DDA): ion fragmentation is only 
performed if an ion complies with a certain condition in the full scan 
mode, meaning that in DDA the instruments are sequentially switching 
between full scan (MS1) and MS2 modes. This method allows 
predefined criteria e.g, signal intensity or a list of accurate mass to 
select ions 106. Given the capability of DDA systems it is possible to 
obtain hundreds of MSMS spectra in a single experimental run, 
meaning that the identification process can be automatized. A 
disadvantage of DDA is that relevant analytes of low abundance may 
not be selected for further fragmentation86. 
b) Data independent acquisition (DIA): no pre-determined criteria 
for triggering the acquisition of product ion spectra is required thus 
allowing comprehensive MSMS data collection.  
The most common method to generate DIA data is known as 
SWATH (Sequential Window Acquisition of All Theoretical Fragment-Ion 
Spectra).  SWATH acquisition consists of a recurring cycle of a survey 
scan and a Q1 isolation strategy. In the first step, a survey scan with low 
collision energy covers the user-defined mass range (Q1 set to full 
transmission). The mass range then is consecutively scanned using 
predefined Q1 windows (typically 20 Da), applying a range of collision 
energies to produce product ion spectra107. Consequently, the SWATH 
MS data consists of highly multiplexed fragment ion maps that are 
deterministically recorded over the user-defined mass precursor mass 
range and chromatographic separation. This method has proven 
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advantageous in mass regions where precursor density is high; resulting 
in improved analyte separation and selectivity.108 
 
1.3.2 Liquid Chromatography 
Liquid chromatography (LC) is recognized as the most versatile technique 
due to the possibility to analyze an extensive range of compounds with a wide 
range of molecular weights, from 100s to 100,000s Da, without no volatility or 
thermal stability limitations 109.  
HPLC relies on pumps to pass a pressurized liquid and a sample mixture 
through a column filled with a sorbent, leading to the separation of the sample 
components. Components are separated in the column based on each 
component's affinity for the mobile and stationary phases. The mobile phase is 
typically a mixture of solvents with different polarities (e.g. water, acetonitrile 
and/or methanol), its composition and temperature play a major role in the 
separation process by influencing the interactions taking place between 
metabolites and the stationary phase. The stationary phase or sorbent, is 
typically a granular material made of solid particles (e.g. silica, polymers, etc.), 
2-50 micrometres in size 110. Based on the stationary phase, liquid 
chromatography is divided in: a) normal phase liquid chromatography (NPLC), 
where the column to be used for the separation is more polar than the mobile 
phase; b)reverse phase liquid chromatography (RPLC) that uses a non-polar 
stationary phase with a polar mobile phase; and c) hydrophilic interaction liquid 
chromatography (HILIC)  which is a variant of NPLC that uses high polar and 
hydrophilic stationary phases with reversed-phase type eluents capable of 
forming a water-rich layer in which hydrophilic compounds are retained based 
on their polar, ionic and hydrogen bonding interactions. The order of elution is 
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inverted compared to RPLC, with hydrophilic or polar compounds being 
retained longer than hydrophobic or non-polar compounds 111.  
RPLC is the most widely used separation mode since it is suitable for a wide 
range of applications because of the various mobile and stationary phases 
available, being C18 silica column using an acidic water/organic mobile phase 
the standard choice 112. However, very polar compounds are not retained in 
classical C18 stationary phases and elute within the void volume, in that cases 
HILIC provides an alternative approach to effectively separate small polar 
compounds on polar stationary phases 113.  
In recent years HPLC has been improved in terms of chromatographic 
performance, resolution and time of analysis with the use of ultra-high 
performance liquid chromatography (UHPLC). UHPLC utilize capillary columns 
packed with sub -2µm particles which enable the use of higher pressure up to 
4000 bar and high temperatures up to 200°C to decrease mobile-phase 
viscosity and polarity thus providing more efficiency and minimized band 
broadening 114,115.  
 
1.3.3 Mass Spectrometry Imaging  
Mass spectrometry imaging (MSI) is a technique used to visualize the 
spatial distribution of molecules like metabolites, peptides or proteins in a 
tissue. MSI is an attractive technique to explore the metabolic differences 
directly on tissues, which is essential for the comprehensive understanding of 
how multicellular organisms function.  
Figure 8 shows a typical MSI experiment. As can be seen in the figure, a 
thin section of tissue is coated with a matrix in order to promote the ionization. 
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Once the tissue is prepared, it is placed inside the mass spectrometer where an 
ionization energy is applied at different points of the sample in order to desorb 
and ionize the compounds from the sample. Subsequently, molecular ions 
generated are detected by one of several different types of mass analyzers116, 
resulting in a dataset that contains an array of spectra in which each spectrum 
is an independent molecular profile of the desorbed and ionized area.117  
The most common ionization technologies in the field of MSI are 
desorption electrospray ionization (DESI), secondary ion mass spectrometry 
(SIMS) and laser-based systems: matrix-assisted laser desorption ionization 
(MALDI) and matrix-free or surface-assisted laser desorption ionization (SALDI).  
• DESI: is a less destructive technique that consist of spraying 
the sample with an electrically charged solvent mist at an angle that 
causes the ionization and desorption of the molecular species. 
Although this technique has the poorest resolution (50 µm), it can 
create high-quality images from a large scan area, as a whole body 
section scanning.118 
• SIMS is a hard ionization technique that use particle 
bombardment with a continuous beam of highly-focused energetic ions 
such as Cs+, Au3+ and C60+. SIMS provides the highest image resolution 
(< 100 nm), but the mass range it is limited to >1000 Da because of the 
extensive fragmentation produced(< 100 nm)119.  
• MALDI: an organic matrix is deposited over the tissue 
section to promote the ionization process, then a laser is responsible 
of transmitting the ionization energy which enables the desorption of 
the molecular ions. MALDI is currently the most common ionization 
method used in MSI since the laser focus can be precisely adjusted to 
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provide a high image resolution while offering softer ionization than 
SIMS 120. A typical MALDI -MS workflow is represented in Figure 8.  
 
Figure 8. MALDI-MS experiment workflow 121 
• Matrix free LDI-MS: Commonly used matrix-free 
techniques are: surface-assisted laser desorption/ionization (SALDI), in 
which ionization is supported by the surface of the target plate; 
nanostructure-initiator mass spectrometry (NIMS) [16], which uses 
molecules of an initiator compound trapped in nanostructured surfaces 
promoting the ionization of the metabolites; and nanoparticle-assisted 
LDI (nanoPALDI) which uses nanoparticles and nanolayers of different 
metals and metal oxide to promote the ionization 122.   
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Time of flight (TOF) analyzers are the most commonly used detectors 
including the axial TOF spectrometer, which provides a mass-accuracy error 
between 10 and 20 ppm due to the initial velocity/drift of the generated ions 
123,124.The addition of an ion reflector together with delayed ion extraction 
helps to compensate for this effect, which can result from non-flat sample 
morphology. Using this configuration, mass accuracies of 5–10 ppm can be 
achieved. Modern MALDI-TOF spectrometers which are equipped with an 
orthogonal reflector can provide mass error < 10ppm 121. Other mass 
spectrometers used in MSI are the Fourier transform orbitrap (FT-orbitrap) and 
Fourier transform ion cyclotron resonance (FT-ICR), which provide mass errors 
<1 ppm at m/z 300 125. 
 
1.3.4 Nuclear Magnetic Resonance  
Nuclear magnetic resonance spectroscopy, most commonly known as NMR 
spectroscopy, is a spectroscopic technique based on the observation of 
magnetic fields around atomic nuclei. Figure 9 shows the basic parts of a NMR 
instrument, as seen, the sample is placed in a tube inside the instrument, then 
a magnetic field and the NMR signal is produced by excitation of the nuclei 
sample with radio waves into nuclear magnetic resonance, which is detected 
with sensitive radio receivers. The intramolecular magnetic field around an 
atom in a molecule changes the resonance frequency, thus giving access to 
details of the electronic structure of a molecule and its individual functional 
groups. Besides identification, NMR spectroscopy provides detailed information 
about the structure, dynamics, reaction state, and chemical environment of 
molecules.126  
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Figure 9: Scheme of the basic parts of a NMR instrument 127 
The atomic-resolution power of NMR is intrinsically linked to the 
occurrence of chemical shift. In an NMR spectrum, the magnitude or intensity 
of the resonance is displayed along a single frequency axis (in the case of 1D 
NMR) or several axis for multidimensional NMR. Chemical shift is usually 
expressed not in Hz but in ppm relative to the central vibration frequency of a 
standard:  
 
Where “v” is the signal frequency in Hz and “v0” is the frequency of a 
reference compound. Thus, chemical shift in ppm can be compared between 
data sets recorded at different field strength. The chemical shift for 1H NMR is 
determined as the difference (in ppm) between the resonance frequency of the 
observed proton and that of a reference proton present in a reference 
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compound.128 Several chemical shift reference standards are available including 
tetramethylsilane (TMS) which is used in organic solvents because of its poor 
solubility in water and 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS), used 
for aqueous solutions.  The measured chemical shifts vary: 0–10 ppm for 1H; 
and from 0–250 ppm for 13C. The signal intensity depends on the number of 
identical nuclei, which is used to perform quantification. The presence of 
complex samples does not interfere with the measured intensity 129. 
NMR Acquisition can be performed in one dimensional (1D) or two-
dimensional NMR (2D-NMR) pulses. 2D-NMR, is often used to facilitate the 
attribution of peaks and to achieve structural elucidation. Indeed, 2D 
experiments offer the advantage of spreading overlapped peaks along two 
orthogonal dimensions, thus limiting peak overlap while providing additional 
information on chemical structures130. 2D-NMR generates a large number of 
different spectra, which can be globally classified into homonuclear (i.e., 1H–
1H-NMR) and heteronuclear (i.e.,1H–13C or 1H–15N) spectra128. There are also 
different pulse sequences designed to suppress or amplify particular types of 
resonances. As an example, in Nuclear Overhauser Effect (NOE) spectroscopy, 
the relaxation of the resonances is observed. As NOE depends on the proximity 
of the nuclei, quantifying the NOE for each nucleus allows the construction of a 
three-dimensional model of a molecule. Other methods used to generate the 
2D-NMR spectra include correlation spectrometry (COSY), total correlation 
spectroscopy (TOCSY) or J-resolved spectroscopy (J-Res)83.   
COSY provides information on homonuclear correlations between coupled 
nuclei (1H-1H) while TOCSY is an extension of COSY, wherein the chemical shift 
of a given nucleus is correlated with the chemical shift of other nuclei within 
the total (or near total) spin system of a given compound. The J-Res experiment 
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simplifies spectral assignments by increasing the peak dispersion compared 
with a conventional 1D NMR experiment83.  
Although 2D-NMR gives additional and important information on the 
chemical properties and the structure of the compound is often restricted to 
the characterization of those compounds that cannot be identified with 1D-
NMR spectra. The main reason why the use of multi-dimensional NMR is still 
not as widespread as it could be is the long experiment time required to record 
such spectra with sufficient resolution. 2D experiments typically need the 
repetition of several hundreds of 1D experiments, leading to experiment times 
between a few tens of minutes and several hours.131 
 
1.4  Dust targeted analysis  
Due to the complexity of indoor dust, sample preparation is a key step in 
targeted analysis. Indoor dust is an heterogenous mixture that contains fibers, 
inorganic and mostly organic particles 132. Its high content of organic carbon 
difficulties the extraction and the determination of target compounds 61,62. The 
most common extraction method of organic targeted compounds is solvent 
liquid extraction (LE) using an organic solvent or a mixture of them. Usually the 
obtained extracts need to be cleaned up and/or preconcentrated before 
analysis. The most commonly used extraction techniques in the analysis of 
organic compounds in dust include: solvent extraction assisted by sonication or 
mechanical agitation, Soxhlet extraction, and pressurized liquid extraction 
(PLE). These three techniques have been used in about 90% of the studies133. 
Other extraction techniques include microwave assisted extraction (MAE), 
ultrasonically assisted extraction (UAE), matrix solid phase dispersion (MSPD) 
and thermal desorption (TD) 133.  
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Soxhlet extraction is a conventional method that requires large volume of 
organic solvents, up to 500 mL and long extraction times, 8 to 24 hours 134. PLE, 
MAE and UAE present extraction yields comparable to Soxhlet but reduced 
extraction time and lower organic solvent consumption due to the application 
of high pressure, high temperature, and/or supplementary energy. In contrast 
to Soxhlet, the use of these techniques requires specific equipment. However, 
these techniques are low selective and the obtained extracts usually contain 
many interfering substances which require the use of clean up steps after the 
extraction. PLE offers the possibility of performing a clean-up step on the same 
instrument and even in the same cell used in the extraction (“on cell” and “in 
cell” clean up).  
MSPD also consume less organic solvent, it is performed under ambient 
conditions, it does not need special equipment and present high extraction 
yields. MSPD consist of an extraction with a sorbent and also offers the 
possibility to carry out an additional in-situ clean-up with a co-sorbent 135. 
Finally, thermal desorption (TD) is a quick and easy method that presents high 
sensitivity. It does not consume organic solvents which avoids solvent 
extraction disadvantages like matrix extraction, concentration and clean-up 
steps which decrease the time, reduce likelihood of sample contamination and 
losses. In contrast, it has to deal with the volatility and the thermal stability of 
the targeted compounds 136.  
As an alternative the Quick, Easy, Cheap, Effective, Rugged and Safe 
extraction technique (QuEChERS) has been recently applied for the chemical 
characterization of organic aerosols137. The QuEChERS method uses low 
quantities of solvent to perform the extraction, in combination with the 
addition of a salt to promote the extraction of the targeted compounds with 
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the salting out effect followed by a dispersive-SPE (d-SPE) for the elimination of 
interfering compounds 138.  
Since most of the extraction methods are low selective, the clean-up step is 
necessary. This usually consist of a solid phase extraction (SPE) or a dispersive-
solid phase extraction (d-SPE). Both techniques use the same principle; the 
sample is mixed with a solid that will retain specific interferences, then the 
sample is washed and finally the compounds of interest elute using the 
appropriate solvent. In the case of d-SPE the solid sorbent is directly added into 
the sample without the use of any cartridge or elution step. Figure 10 
schematically shows the SPE and the d-SPE techniques.  
a) SPE b) d-SPE 
 
Figure 10. a) Steps performed in the SPE technique b) Steps performed in the d-SPE 
technique 139,140 
As can be seen in Table 2, for the analysis of nicotine and TSNAs in dust 
samples, the preferred extraction method is LE. However, few methods have 
analysed nicotine in combination with TSNAs. The main challenge in the 
combined analysis of these compounds is the optimization of the solvent used 
as well as the pH of the sample, since nicotine polarity and structure differs 
more from the TSNAs (Nicotine log P: 0.87 vs TSNAs log P: (0.33-0.77)).  
TSNAs have been analysed either by GC and LC (see Table 2), GC is the 
preferred chromatographic technique for nicotine analysis due to its volatility 
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and medium polarity [logP=0.87]. However, for the rest of TSNAs high 
temperature can lead to the degradation of the compounds in the injection 
port.  For this reason, when analysing TSNAs with GC, detectors such as 
nitrogen chemiluminescence detector (NCD) provide higher selectivity and 
sensitivity than MS instruments15,25. Consequently, for TSNAs the analytical 
technique most used is LC-MS/MS (See table 2). In LC-MS the main challenge is 
to prevent the coelution of some nitrosamines and the prevention of peak 
splitting of some TSNAs. Peak splitting arises when a Gaussian peak gets a 
shoulder or a twin. Although peak splitting can be caused by a number of 
factors including instrumental problems, in the case of nitrosamines this 
phenomenon has been experimented by different researchers. Some authors 
have reported that nitrosamines peak splitting is due to the fact that 
nitrosamines exist as mixture of E and Z isomers141,142 while others have found 
that the split up of the signal was probably due to the formation of the 
protonated isomers143. Moreover some nitrosamines such as NNAL exists in 
their enantiomeric forms since they have a chiral centre in the carbonyl carbon 
and present 4 different structures (S,E), (S,Z), (R,E) and (R,Z)-NNAL. Peak 
splitting can be prevented working at the appropriate pH and optimizing 
column temperature and mobile phases.  
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Table2. Summary of the studies performed in dust that analyze Nicotine and/or TSNAs. 
The table summarized the compounds analyzed, the extraction technique, solvent, 
determination technique and the limit of detection of the method. * Limit of 
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1.5  Untargeted analysis  
The typical untargeted workflow used in environmental analysis and 
metabolomics is shown in Figure 11 The workflow includes the following steps: 
a) sample preparation;  whose aim is to extract a broad number compounds 
from the sample,  b) sample analysis; which is performed using the most 
suitable analytical technique or combination of them, c) data pre-processing 
and data analysis; which consist of processing the spectral data obtained from 
the instrument and applying statistical univariant and/or multivariant analysis 
to highlight the differential compounds between samples or groups, d) 
compound identification and e) result interpretation 150.  
A detailed explanation of the untargeted workflow is described in the following 
sections for each technique used in this thesis (including LC-MS, NMR and MSI).  
Note that particularities for the untargeted metabolomics workflow, are 
highlighted in each section. Moreover, result since the interpretation of the 










Figure 11. Untargeted workflow 
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1.5.1 LC-MS experiments 
In untargeted approaches for LC-MS experiments sample preparation is 
extremely important because it affects both the observed compound content 
and the interpretation of the data 151. Normally, regardless of the origin of the 
sample, an extraction method to isolate analytes from complex matrices is 
required. Due to the large chemical diversity of compounds and the different 
range of concentrations present in the environmental and biological samples, 
there is no universal extraction method for detecting all compounds. Generally, 
high throughput methods with a good compromise between extraction 
efficiency and time are preferred.  
Compound extraction in untargeted methods aims to: (a) efficiently extract 
the largest number of compounds from the matrix; (b) be nonselective and not 
exclude compounds with particular physical or chemical properties; (c) remove 
interferences that hinder a proper analysis; (d) be reproducible; and (e) make 
the extract compatible with the chosen analytical technique152. 
However, in the case of biological samples an additional requirement must 
be considered. The use of biological samples makes sample manipulation and 
sample storage a very important step since metabolite stability needs to be 
preserve. Metabolite stability depends on its chemical nature and lability. The 
amount of enzymatic activity remaining in the sample during storage and/or 
preparation, and processes such as protein degradation, which can elevate 
levels of some metabolites, can disturb metabolite stability 152. Thereby the 
extraction method chosen also has to be simple and fast to prevent metabolite 
loss and/or degradation during the preparation procedure. Moreover, reduced 
temperatures during sample preparation (4°C) and storage (-80°C) are 
commonly used.153 
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Therefore, most of the metabolomics protocols involve two major 
strategies: the stop of metabolic processes by protein precipitation and the 
extraction of metabolites from the studied samples.  
Protein precipitation is performed prior to the extraction and its typically 
performed using cold solvents such as acetonitrile, ethanol or methanol in 
acidic or basic pH, in order to cause protein denaturation and reduce its 
solubility 154.  
Generally, extraction protocols are classified depending on whether the 
metabolites to be extracted are hydrophilic or hydrophobic. For hydrophilic 
metabolites polar solvents such as methanol, methanol-water mixtures or 
ethanol are normally used 155–157. Non-polar solvents like chloroform or hexane 
can be used to extract hydrophobic metabolites such as lipids. Metabolites can 
also be extracted at extreme pH (such as perchloric acid 157 or meta-phosphoric 
acid 155) with the aim to extract acid-stable compounds. Usually after the 
extraction procedure a sample evaporation step is performed in order to 
concentrate the metabolites and redissolved them in a solvent compatible with 
the analytical technique selected for the sample analysis.  
LC-MS is the preferred method for the untargeted analysis of trace organic 
contaminants in environmental samples and untargeted metabolomics of 
biological samples since it brings the widest chemical/metabolome coverage. 
UHPLC has become the gold standard for LC as it enables elution of sample 
components in much narrower, concentrated bands, resulting in better 
chromatographic resolution and increased peak capacity158 while decreasing 
the risk of matrix effects 159. Moreover, recent developments in column 
technology have greatly improved separation efficiency while expanding 
selectivity, yet chromatographic separations are not universal. Therefore, 
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different combinations of chromatography column and mobile phases setups 
must be used to increase the coverage of any LC-MS experiment. The most 
common chromatographic separation is RP, but lately interest in HILIC has 
grown given its complementarity to RP analysis. Therefore, many approaches 
include the analysis of the samples by using both RP and HILIC. HILIC provides 
good retention for polar and ionic compounds, and good ionization efficiency 
due to the use of mobile phase rich in organic solvents, however when using 
HILIC there are constrains such as allowing sufficient equilibration time to reach 
acceptable analytical repeatability. 112,160 
The mass spectrometers more used in untargeted approaches are high 
resolution instruments such as Orbitrap and qTOF which have demonstrated to 
be very suitable in the analysis of complex matrices. This is largely thanks to a 
combination of higher mass spectral resolving power, which reduces 
interferences, high mass accuracy which allows prediction of molecular 
formulas for the spectral peaks and sensitivity in full scan acquisition which 
allows the detection of compounds at femtogram levels 161. However, datasets 
are exceedingly complex with file sizes on the order of gigabytes per sample for 
some new high-resolution MS instruments 162. Typically, HRMS analysis involves 
acquisition of full scan MS data, resulting on data matrices containing  
thousands of variables (m/z, retention time, intensity), that have to be 
converted into more manageable information 163. Thus, following data 
acquisition, pre-processing is extremely important to reduce data quantity and 
complexity. 
Data pre-processing usually involves four basic steps: raw data conversion, 
peak detection, alignment, filtering and grouping and is a critical step for 
prioritizing the most relevant and interesting components in sample sets 164.  
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Raw data conversion relies on the transformation of specific data formats 
from instrument vendors into common, unique data. The transformation of 
vendor formats into mzML, previously mzXML165 is a common first step in 
untargeted data processing, and can be performed by using free software (e.g., 
ProteoWizard166). Peak detection, alignment and correspondence can be 
performed using free packages within the R programming environment. The 
XCMS 167software has been widely used in untargeted approaches including 
environmental and metabolomic studies. XCMS implements three main steps:  
a) Peak detection: it is also known as peak picking or feature detection. A 
feature is known as all raw data points that originate from one particular ion. A 
feature is characterized by a retention time, an m/z value and an intensity (RT, 
mz, intensity). The purpose of the feature detection stage is to extract as many 
recorded signals caused by true molecular ions as possible. This step also aims 
to provide as accurate quantitative information about ion abundance as 
possible. Peak detection is usually performed using the centWave algorithm 168. 
The two most critical parameters for centWave are the peak width (expected 
range of chromatographic peak widths) and ppm (maximum expected deviation 
of m/z values of centroids corresponding to one chromatographic peak), this is 
usually much larger than the ppm specified by the manufacturer parameters. 
Therefore, visual inspection of some peaks in each sample is vital in order to 
decide the parameters that the algorithm will apply across samples.  
 
b) Alignment: the time at which analytes elute in the chromatography can 
vary between samples. The alignment step, also referred to as retention time 
correction, aims at adjusting this by shifting signals along the retention time 
axis to align the signals between different samples within an experiment. The 
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method to perform the alignment/retention time correction in XCMS is 
adjustRtime which uses different alignment algorithms depending on the 
provided parameter class. Also, here it is advisable to modify the settings for 
each experiment and evaluate if retention time correction did align internal 
controls or known compounds properly. 
c) Feature correspondence: the final step in pre-processing is the 
correspondence that matches detected chromatographic peaks between 
samples (and depending on the settings, also within samples if they are 
adjacent). The method to perform the correspondence in XCMS is 
groupChromPeaks. This algorithm uses the peak density method to group 
chromatographic peaks. Users can choose the minFraction value, as an example 
a value of 0.4 for the minFraction parameter will only grouped into a feature 
chromatographic peaks present in at least 40% of the samples167 .  
After pre-processing, features defined by their m/z and retention time, and 
their intensities in different samples are evaluated using multivariate statistical 
models 169. Statistical comparison of the groups can be calculated with classical 
tests and multivariate analysis can be performed using methods such as 
principal component analysis (PCA), clustering and regression analysis. Samples 
can be grouped and can be observed using score plots, heatmaps or 
hierarchical clustering. These data analysis is critical for maximizing differences 
between groups, to prioritize the most relevant and interesting components in 
sample sets and to highlight potential environmental and metabolic markers 
170. 
In LC-MS compound identification is performed by the comparison of exact 
mass or MS/MS spectra in online mass spectral libraries (e.g., MassBank, 
METLIN, mxCloud, NIST). Moreover other databases such as ChemSpider 171 or 
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the U.S. Environmental Protection Agency (U.S. EPA) CompTox Chemistry 
Dashboard 172 contain useful additional data to support identification, such as 
literature references, patent data, functional uses and toxicological/bioassay 
data. Moreover, the Suspect Exchange from the NORMAN Network, network of 
reference laboratories, and research centres for monitoring of emerging 
environmental substances 173, contains many different suspect lists that can be 
used in non-target screenings of environmental samples. In metabolomics the 
main online spectral databases are Metlin174 and the Human Metabolome 
Database (HMDB)175 which contains more than 114,222 metabolites entries 
including both water-soluble and lipid soluble metabolites.  
In general, for untargeted approaches, an exact mass match is not 
sufficient for identification alone. For this reason, MS/MS acquisition is 
required in order to increase the identification confidence. The reporting of 
confidence in the annotation or identification should be reported in all studies. 
The first set of reporting standards were designed by Sumner et al. as part of 
the Metabolomics Standards Initiative (MSI) in 2007 with four different 
confidence levels. 176 More recently Schymanski et al. have reported a five-level 
confidence system. 177Those levels correspond to:  
• Level 1: Confirmed structure. The proposed structure has been 
confirmed via appropriate measurement of a reference standard with 
MS, MS/MS and retention time matching. If possible, an orthogonal 
method should also be used. Typically, the term identification is used 
when level 1 is reached and for the following levels it is accepted the 
term “annotation”. Most compounds are annotated (and should be 
reported as annotated) unless two complementary properties are 
matched to the same properties for a chemical standard analysed 
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applying identical analytical conditions for biological sample and 
chemical standard 178. 
• Level 2. Probable structure:  This differs from Level 1 in the fact 
that the reference standard is not analyzed under identical conditions. 
Putative (level 2 or 3) annotation is typically based on: one or two 
properties only and often relies on comparison to data collected in 
different laboratories and acquired with different analytical methods, 
instead of a direct comparison with an authentic chemical standard 
under identical analytical methods. We can differentiate between two 
levels, Level 2a: Library this is the case of comparing acquired MS/MS 
spectra against an equivalent found in spectral databases. This level at 
least confirms 2D structure. Level 2b: Diagnostic represents the case 
where no other structure fits the experimental information, but no 
standard or literature information is available for confirmation.  
• Level 3: Tentative candidate: Identifications at this level are not 
confident enough to supply an identity but may supply information 
about the formula and compound subclass or family. This level has 
some certainty about compound formula and part of its structure. 
● Level 4: Unequivocal molecular formula. This is possible when a 
formula can be unambiguously assigned using the spectral information 
(e.g., adduct, isotope, and/or fragment information), but insufficient 
evidence exists to propose possible structures. These arise when 
accurate mass and isotopic distribution patterns produce tentative 
structures from database searches. Note, a single molecular formula 
typically renders multiple candidate structures. 
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● Level 5: Exact mass. A feature (m/z) can be measured in a 
sample but the MS/MS spectra or formula are impossible to annotate.  
The five identification levels proposed are summarized in Figure 12, from 
Schymanski, et.al.  
 
Figure 12. Proposed identification confidence levels in high resolution mass 
spectrometric analysis. Note: MS2 is intended to also represent any form of MS 
fragmentation 177. 
In most of the studies levels 2 and 3 are the most commonly reported since 
level 1 is out of financial reach for the majority of research groups. 
Consequently MS/MS match spectra of a reference spectrum found in 
compound spectral databases is the most conclusive evidence for validating the 
annotation of a feature. However, a few considerations including acquisition 
instrument type, mass accuracy, ionization mode, fragmentation method and 
energy used and precursor ion must be taken when checking the match with 
spectral libraries. 
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 1.5.2 MSI experiments 
For MSI analysis, sample preparation methods must use rapid and 
consistent protocols to prevent delocalization or degradation of metabolites. 
The most common method used for sample stabilization is to snap-freeze the 
tissue at the point of collection. Tissues are best frozen free-floating on liquid 
nitrogen to prevent them from deforming and taking the shape of a container 
and therefore presenting complications when sectioning179. 
In MALDI MSI applications, matrix deposition is a critical step that affects 
spatial resolution as well as the number of unique ions detected. The 
reproducibility of the signal intensities is also largely determined by the type of 
matrices used and sample preparation180. Many kinds of organic matrices such 
as α-cyano-4-hydroxycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid 
(DHB) have rarely been used for low-molecular-weight metabolite analysis 
because matrix and/or matrix-analyte cluster ion peaks are observed in the 
low-mass range (m/z < 700), thus interfering with the detection of the target 
compounds. Besides, the application step, which is typically performed by 
spraying coating or droplet printing deposition (wet deposition methods) 
promote the diffusion of metabolites within the tissue and the formation of 
heterogeneous size of crystal which limit the spatial resolution. Consequently, 
dry matrix application methods like sublimation have been reported for 
imaging small molecules in tissues. Sublimation minimize metabolite 
delocalization but show poor sensitivity due to the lack of incorporation of the 
analyte into the matrix 181. Other matrix application methods such as dry vapor 
deposition followed by controlled recrystallization in a statured water 
atmosphere have been proposed achieving resolution of 2 µm 182. As an 
alternative to typical organic matrices used 9-aminoacridine (9-AA)183 and ionic 
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liquid matrices which not present crystals that limit the spatial resolution have 
been recently use 184,185. 
Matrix-free methods are becoming the preferred method for MSI in 
metabolomics studies since they provide good lateral resolution and avoid wet 
matrix deposition processes. As an example, the deposition of metal 
nanoparticles is usually performed by sputtering which allows the deposition of 
nanolayers in an inert outer space thus avoiding sample contamination and 
metabolite delocalization. Common used materials are metals such as Au 
122,186,187, Ag 188, Pt 189 and metal oxide nanolayers nanolayers (WO3, TiO2, Fe3O4, 
ZnO) 122,186,188,190. In this context gold nanoparticles are likely the ideal substrate 
because they present high stability, have only one stable isotope, which 
reduces the number of interfering peaks facilitating the detection of trace 
compounds and are able to absorb the UV light emitted by the laser and 
effectively promote the ionization of low mass range metabolites with very low 
background signal 191–193. Other nanomaterials including carbon nanotubes 194, 
carbon dots 195 and graphene oxide 196 have been extensively developed as 
effective matrices for the profiling of small molecules in biological tissues.  
The main goal in MSI analysis is acquiring good quality images. The spatial 
resolution of the MS image is determined by the diameter of the laser beam of 
a specific instrument which needs to be optimized prior the acquisition.  
At low spatial resolutions (small laser diameter), the acquisition time 
increases and the quality of the MSI worsens due to the abundance of lower 
MS peaks in the acquired spectra. Furthermore, lower resolutions generate 
higher volumes of data and, therefore, the need of sophisticated computational 
strategies.121 Consequently, a good compromise between resolution and 
acquisition time must be reached.  
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TOF spectrometers operating in MS mode have been widely used in 
metabolomics studies, however working in the low mass range of the spectrum 
without previous separation techniques as in the case of LC-MS requires higher 
mass resolution. Thus the preferred MS spectrometers are, Fourier transform 
orbitrap (FT-orbitrap) and Fourier transform ion cyclotron resonance (FT-ICR) 
which facilitate the identification of metabolites by exact mass and mass 
fragmentation. 125  
The most important information obtained from an imaging experiment is a 
visualization of the distribution of various molecules throughout the tissue. As 
each pixel of an imaging experiment contains an entire mass spectrum, the 
bottleneck of MSI data processing is the large size of the data files and the high 
degree of dimensionality. This is becoming more problematic with the increase 
in spatial resolution causing an exponential growth in data file sizes. 
Consequently, key software developments have been made to address these 
challenges and ensure that effective analyses are being done without the loss 
of valuable information.  
The pre-processing steps used in MSI include normalization, baseline 
correction, peak alignment, spectra recalibration, smoothing, and data 
compression (unsupervised and supervised). Normalization is used to remove 
systematic artifacts that can affect the mass spectra like sample preparation, 
ion suppression, and differential ionization efficiencies since can influence the 
intensity peaks of mass spectra 121,197. 
Normalization to the total ion count (TIC) is the most commonly 
implemented method.198. Normalization to the TIC ensures that all spectra have 
the same integrated area and is based on the assumption that there is a 
comparable number of signals in each spectrum.199 
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Following normalization, baseline subtraction and spectral recalibration are 
usually performed. Smoothing it is especially important for imaging data as 
removes sudden fluctuations between pixels that do not necessarily represent 
the in vivo distributions. Pre-processing steps help to ensure accurate 
interpretation of the data.  
Several compression strategies have been implemented to reduce the size 
of data while still retaining the important information. Binning mass spectra for 
each pixel of an imaged tissue and compression based on region of interest 
(ROI) are the most successful methods. However, for untargeted approaches 
unsupervised clustering of the data is performed in order to compress data into 
features. Unsupervised analysis can be divided into a) manual analysis b) 
component analysis and c) segmentation analysis.197  
a) manual analysis: is carried out by selecting m/z values unique to the 
region of interest and generating an image for each m/z value.  
b) Component analysis requires a statistical or machine learning algorithm 
to cluster the data. Typically, PCA is used to reduce the dimensionality of the 
data set by converting possibly correlated variables into a set of linearly 
uncorrelated values.  
c) segmentation analysis: bins together similar spectra into regions of 
interests and identifies colocalized m/z values. This includes methods such as 
hierarchical clustering, a type of spatial segmentation, and K-means which is 
frequently used to rearrange multiple variables to visualize possible groups in 
the data.200 
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Because processing imaging data requires numerous different treatments 
compared to conventional LC-MS data, software with complete data analysis 
pipelines are required. While there are numerous open sources and freely 
available software packages for processing data, functionality tends to be 
restricted, and there are typically no export options for the data. Several 
software packages can be used including Spectral analysis201 which incorporates 
all processing steps from preprocessing to multivariate analysis and  
MSiReader202, which is an open-source package to view and analyze MS imaging 
files on MATLAB platform. It incorporates various aspects of data analysis, 
including visualization, quantitation, and annotation in a streamlined, easy-to-
use platform. However, MATLAB platform is not free, and it is not the preferred 
environment in MSI metabolomics, in this sense a free package working in an R-
based environment which is widely used in the community has been developed 
in our group. rMSI203 and rMSIproc 204 are used for data handling, data 
visualization, and data processing respectively. rMSI directly imports data from 
vendors format and permit the visualization of the images of all the MS peaks 
in the spectra. rMSIproc provides a novel strategy for spectral alignment and 
recalibration, which allows to process multiple datasets simultaneously and to 
perform a confident statistical analysis with multiple datasets from one or 
several experiments. Another packages widely used that also permits the 
quantification of the compounds in MSI are msIQuant 205 and Cardinal 206. 
Identification can be performed extracting a list of the metabolites of 
interest and using the same data bases used in LC-MS experiments. However, 
specific repositories for MSI images are being developed in order to allow 
researches access to imaging data for comparison of the results and for 
discovering new answers to biological questions. In this sense, Metaspace is an 
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online engine based on big-data technologies that automatically translates 
millions of ion images to molecular annotations.207  
 
1.5.3 NMR experiments 
Samples for NMR can be analysed without extraction of compounds 
provided that the active volume of the NMR probe is filled, typically with 500 
µL of biofluid for 5 mm NMR tubes. However, the intrinsic low sensitivity of 
NMR greatly hinders accurate assignments and quantification of a large number 
of metabolites from biofluids 208,209 or intact tissues 210. In this context, 
extraction of metabolites may reduce broad signals in the spectra arising from 
the high overlap of chemical shifts of proteins and generate narrower and 
better-resolved NMR resonances that allow reliable quantification of 
metabolites. In general, all the considerations taken for the development of an 
efficient extraction method for LC-MS can applied to NMR analysis 211. 
However, a few some aspects related to the NMR technique must be 
considered. Typically, in 1H-NMR experiments, extractions are performed using 
deuterated solvents in order to avoid a huge solvent signal that would 
dominate the 1H-NMR spectrum. Moreover, for the removal of chemical shift 
between samples reference standards are added. The reference compound 
used in aqueous media is usually the sodium salt of 3-trimethylsilylpropionic 
acid (TSP) with the methylene groups deuterated to avoid giving rise to 1H 
peaks in the NMR spectrum. Other reference standards are DSS [2,2-dimethyl-
2-silapentane-5-sulfonate sodium salt], and tetramethylsilane (TMS) for organic 
solvents. If reference standards are added in a known concentration, peak 
integrals from the standard can be related to the concentrations of the 
substances in the sample 212. Recently, a synthetic electronic reference signal 
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(ERETIC, Electronic reference to access in vivo concentrations) has been 
introduced for quantitation purposes, without the requirement of an internal 
standard213.  
The majority of environmental and biological applications employ 1H One-
dimensional (1D) NMR spectroscopy and carbon (13C-NMR) spectroscopy. This 
is because 1H and 13C atoms are found in almost every organic compound and 
therefore, in almost every known metabolite. Although less frequently, other 
atoms such as phosphorus (31P NMR) are also targeted by NMR, providing 
additional information on specific analyte types214. Initially, sensitivity depends 
on the natural abundance of the atom studied (100% of 1H, 31P and 19F; 1.10% 
of 13C; 0.37% of 15N ). Improvements in sensitivity can be obtained by longer 
analysis times or the application of higher magnetic fields129. The chemical 
information contained in a single 1D NMR spectrum of a biofluid or tissue 
extract is often sufficient to identify and quantify 50–100 metabolites at a time 
215. However, the analysis of complex matrices such as urine and plasma/serum 
are not trivial. In particular, the 1H NMR spectra of samples such as urine are 
very complex, typically consisting of > 1000 detectable and often overlapping 
peaks. In these cases 1H 1D spectra are acquired in conjunction with two-
dimensional (2D) ones 216.  
NMR data analysis is also divided in pre-processing or spectral processing 
and post processing or data processing. The pre-processing steps include; 
chemical shift referencing, phasing and baseline correction, which are critical 
for generating high quality NMR data.  The post processing steps include: sub-
spectral selection and filtering, spectral alignment, binning and peak picking, 
normalization, transformation and scaling. Their correct implementation is 
essential to successful statistical spectroscopy in the NMR analysis of complex 
biofluids such as urine and serum/plasma 216. For data processing two different 
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approaches have emerged in the field of NMR-based metabolomics, (a) 
targeted profiling and (b) statistical spectroscopy.  
a) Targeted profiling: uses spectral deconvolution software to identify and 
quantify compounds in individual NMR spectra. Each NMR spectrum is analysed 
individually and the resulting compound IDs and concentrations from multiple 
spectra are compiled to create a data matrix for statistical analysis217. A variety 
of software tools for NMR spectral deconvolution have been developed, those 
include commercial packages such as Chenomx NMR Suite 218, Bruker’s AMIX 
219, and non-commercial packages such as Batman 220, and Bayesil 221 and 
Dolphin 222among others.  
b) Statistical spectroscopy or spectral binning: uses statistical approaches 
to initially align multiple NMR spectra, to scale or normalize the aligned spectra, 
and then to identify interesting spectral regions (e.g. binning) or peaks that 
differentiate cases from controls 212,223. This approach performs compound 
identification or quantification only after the most interesting peaks have been 
identified.  
 
1.5.4 Result Interpretation  
In untargeted approaches the final goal is the conversion of long lists of 
compounds into meaningful information. In this sense in environmental studies 
the contamination source, the toxicity of the compounds as well as the risk that 
this compound causes to health are valuable information. For this purpose, the 
EPA has developed guidance, handbooks, framework documents, standard 
operating procedures (SOPs) and other related material to conduct reliable risk 
assessment 224. Risk assessments are used to characterize the nature and 
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magnitude of health risks to humans from chemical contaminants and other 
stressors, that may be present in the environment.  
Biological interpretation is the final goal in metabolomics: long list of 
metabolites are reduced to meaningful biological terms, such as the pathways 
and biological routes involved. This information serves as a phenotypic readout 
that can be used effectively in clinical diagnostics, to identify therapeutic 
targets of disease, and to investigate the mechanisms of fundamental biological 
processes. 
In this sense, several software tools have become available for the 
functional and biological interpretation of metabolomic experiments. They can 
be classified in two groups that allow complementary analysis. The first 
comprises tools that allow mappings and visualizations of a set of metabolites 
in graph representations of the metabolism (mainly metabolic pathways) and 
the second group comprises tools for the statistical analysis of metabolite 
annotations, commonly known as enrichment analysis 225.  
The visualization of the identified metabolites and associated experimental 
measurements in the context of metabolic pathways and other general 
biological networks can provide a quick overview on the metabolic context of 
the metabolites showing up in the experiment. There are numerous 
computational tools to interpret alterations in metabolite abundances, 
including pathway-oriented databases such as KEGG 226, Cytoscape 227, and 
Reactome 228. Additionally, the HMDB contains chemical, clinical and 
biochemical information (i.e., MetaboCards) for most of the endogenous 
metabolites.  
In the enrichment analysis, an overrepresentation (enrichment) analysis of 
categorical annotations for a set of compounds of interest is performed. One of 
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the methods used in enrichment analysis is set enrichment analysis (SEA) which 
uses a collection of predefined metabolite pathways and disease states to 
identify and interpret patterns of metabolite concentration changes in a 
biologically meaningful way 229. Typically, a list of compound names, a list of 
compound names with concentrations, or a concentration table should be 
provided. The general output is a list of annotations and their associated P-
value. Some tools available for enrichment analysis are; MBRole 230, IMPaLA 231, 
MPEA 232 and MSEA 229. The analysis is based on several libraries containing 
~6300 groups of biologically meaningful metabolite sets collected primarily 
from human studies. MSEA is offered as a service both through a stand-alone 
web server 229 and as part of a larger metabolomics analysis suite called 
MetaboAnalyst.233  
Besides these tools, generally, an effective approach to put metabolite 
changes into their appropriate biological context is to search thoroughly in the 
literature. However, the combination of both is usually the best option. 
 
1.6  Thesis motivation and objectives  
The work presented in this thesis was carried out at the Metabolomics 
Interdisciplinary Lab (MIL@b) research group at the Department of Electronic, 
Electrical and Automation Engineering (DEEEA) of the University Rovira i Virgili 
(URV), the Institut d’Investigació Sanitària Pere Virgili (IISPV) and CIBER of 
Diabetes and Metabolic Diseases (CIBERDEM).  
This thesis is the first one of the research line of Toxicology and 
Environmental Metabolomics at the MIL@b group. It is the result of the 
research performed at the THS Exposure Project under the European Union’s 
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Horizon 2020 research and innovation program (H2020-MSCA-IF-2014-660034). 
This project led by Dr. Noelia Ramirez is focused on the THS chemical 
characterization and human exposure to THS by using metabolomics 
approaches. This thesis is also part of the research project (TEC 2015-69076-P) 
under Prof. Xavier Correig research line which is based on the development of 
nanosurfaces and algorithms for the processing of images obtained by laser 
desorption ionization mass spectrometry.  
The motivation of this thesis is to advance on the current knowledge of THS 
by using novel target and untargeted approaches, in this context the two main 
objectives have been: 1) to improve the chemical characterization of THS, and 
2) to advance on the health effects derived from THS exposure.  
To accomplish the first objective, we aimed to combined the most 
advanced analytical techniques used either in target and untargeted methods 
for the determination of known and unknown compounds related to THS in 
dust samples. Therefore, the secondary objectives have been; 
i) the development of a targeted analytical method for the 
simultaneous analysis of nicotine, cotinine and TSNAs in indoor settled 
dust using UHPLC coupled to MS  
ii) the development and testing of a new non-targeted screening 
workflow for THS exposed dust characterization using high resolution 
MS.  
With this last purpose we’ve stablished a collaboration with Dr. Emma 
Schymanski, head of the Environmental Cheminformatics group at the 
Luxembourg Centre for Systems Biomedicine (LSCB). The Environmental 
Cheminformatics group, focuses on the comprehensive identification of known 
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and unknown chemicals in our environment to investigate their effects on 
health and disease. Dr Schymanski has specialized on processing high resolution 
mass spectrometry data to enhance the identification of molecules in complex 
samples.  
To accomplish the second objective of this thesis, the characterization of 
THS health effects, the derived objective has been: iii) the application of a 
multiplatform metabolomics approach for a broad characterization of liver 
samples of mice exposed to THS.  
For this work we stablished a collaboration with Prof. Manuela Martins-
Green head of the Cell and Systems Biology Department of the University of 
California Riverside. They performed the characterization of THS-exposed 
animal models. The University of California Riverside is part of the California 
Consortium on Thirdhand Smoke and Human health effects, funded in 2011. Dr. 
Ramírez is also affiliated researcher of this consortium. The consortium is a 
multi-institutional and interdisciplinary effort, involving research groups from 
Lawrence Berkeley National Laboratory, San Diego State University, University 
of California Riverside, University of California San Francisco, and University of 
Southern California. Their main goal is to determine how much harm THS 
causes to human health and carry out robust risk assessments so the policy 
implications of THS become clear and compelling. 
 
1.7  Organization of the document  
This chapter has provided a general overview on the background of THS 
which is the thread that runs through the thesis, as well as the analytical 
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techniques used and the common strategies applied in environmental and 
metabolomic analysis.  
Chapter 2 continues elaborating the state of the art of the determination of 
SHS and THS exposure biomarkers and the role of tobacco biomarkers in the 
characterization of the health effects related to this exposure. Chapter 2 is an 
already published review in the International Journal of Environmental 
Research and Public Health. 
Chapter 3 and Chapter 4 contain the two scientific articles related to the 
second objective of this thesis, the chemical characterization of THS. Chapter 3 
is a submitted article that focuses on the development of a novel analytical 
method for the simultaneous determination of nicotine, cotinine and four 
tobacco-specific nitrosamines (TSNAs) in household dust by using ultra high-
performance liquid-chromatography (UHPLC) coupled to tandem mass 
spectrometry (LC-MS/MS) using a triple quadrupole (QQQ) mass spectrometer.  
In Chapter 4, we present for the first time a combination of targeted and 
NTS strategies for the advance characterization of household dust from 
smokers’ and non-smokers’ homes. The untargeted workflow developed 
combines the acquisition by UHPLC coupled to high-resolution mass 
spectrometry (HR-MS) with the application of advanced data processing 
strategies, the statistical prioritization of relevant features and a novel strategy 
for compound annotation. 
Chapter 5 is a published article in the Environment International journal 
which is based on the second objective of this thesis, the advance on the health 
effects derived from THS exposure. In this work a multiplatform untargeted 
metabolomics approach was implemented to unravel the molecular alterations 
of liver from mice exposed to THS. We used two analytical platforms (UHPLC-
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HRMS and nuclear magnetic resonance, NMR) for a comprehensive 
determination of the altered metabolites in liver extracts, and mass 
spectrometry imaging (MSI) for the study of the differential spatial distribution 
of metabolites in the liver tissues. 
Finally, Chapter 6 contains the general discussion and the conclusions of 
this thesis, respectively. 
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2.1  Abstract  
Smoking is the leading preventable disease worldwide and passive smoking 
is estimated to be the cause of about 1.0% of worldwide mortality. The 
determination of tobacco smoke biomarkers in human biological matrices is key 
to assess the health effects related to the exposure to environmental tobacco 
smoke. The biomonitoring of cotinine, the main nicotine metabolite, in human 
biofluids—including urine, serum or saliva—has been extensively used to assess 
this exposure. However, the simultaneous determination of cotinine together 
with other tobacco biomarkers and the selection of alternative biological 
matrices, such as hair, skin or exhaled breath, would enable a better 
characterization of the kind and extent of tobacco exposure. This review aims to 
perform a critical analysis of the up-to-date literature focused on the 
simultaneous determination of multiple tobacco smoke biomarkers studied in 
different biological matrices, due to the exposure to secondhand smoke (SHS) 
and thirdhand smoke (THS). Target biomarkers included both tobacco-specific 
biomarkers—nicotine and tobacco specific nitrosamine biomarkers—and 
tobacco-related biomarkers, such as those from polycyclic aromatic 
hydrocarbons, volatile organic compounds, metals and carbon monoxide. To 
conclude, we discuss the suitability of determining multiple biomarkers through 
several relevant examples of SHS and THS exposure. 
 
2.2  Introduction   
Passive smoking is estimated to be the cause of about 1.0% of worldwide 
mortality, responsible for approximately 603,000 deaths each year among 
children and adults, a number which has been increasing over the years [1]. 
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Environmental tobacco smoke (ETS), most commonly called secondhand smoke 
(SHS), is a complex and reactive mixture made up of the mainstream smoke 
exhaled by the smokers and sidestream smoke emitted from the burning tobacco 
diluted with ambient air. This mixture contains over 4700 chemicals including 
hazardous amines, carbonyls, hydrocarbons or metals among others [2–4]. SHS 
exposure can cause several illnesses in nonsmokers including ischaemic heart 
diseases in adults and lower respiratory infections and asthma in adults and 
children, among other adverse health effects [1]. Moreover, the International 
Agency for Research on Cancer (IARC) classifies 63 chemicals reported in 
mainstream tobacco smoke as carcinogenic, 11 of them are known as human 
carcinogens with a proven role on the development of different types of cancer 
including lung and bladder cancer [2]. 
Nevertheless, SHS is not the only source of exposure for nonsmokers to 
tobacco smoke components. Most of the smoke gases and particles of SHS 
deposit, age and remain for long periods of time in fabrics, surfaces and dust 
forming the so-called thirdhand smoke (THS), a less studied source of exposure 
to tobacco smoke toxicants [5,6]. THS components not only remain on surfaces 
and in settled dust, they can also be re-emitted into the gas phase or even react 
with oxidants and other atmospheric compounds to yield secondary 
contaminants, some of them with increased toxicity. This is the case of nicotine, 
which deposits almost entirely on indoor surfaces, where it can react with ozone, 
nitrous acid and other atmospheric oxidants producing carcinogenic tobacco-
specific nitrosamines (TSNAs) [7]. To date, dozens of toxicants have been 
identified in THS including tobacco specific toxicants—such as nicotine, and 
TSNAs—as well as tobacco related toxicants including volatile N-nitrosamines, 
aromatic amides, polycyclic aromatic hydrocarbons (PAHs) and volatile carbonyls 
[8–12]. Exposure to THS causes numerous alterations in organ and cellular 
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systems of mouse models, including lung and liver damage, several metabolic 
effects and signs of hyperactivity [13–15]. THS extracts also inhibit cell 
proliferation and cause DNA strand breaks and oxidative damage in DNA and 
mitochondria [16]. Pathways of exposure to THS are mainly non-dietary 
ingestion and dermal absorption, although inhalation of resuspended particles 
may also occur. Consequently, THS could be one of the major pathways of 
children exposure to tobacco smoke toxicants. Despite these emerging 
evidences on THS toxicity and carcinogenicity, this way of exposure to tobacco 
smoke contaminants is still unrecognized by most of the population and it has 
been omitted in public health and environmental policies. 
The determination of biomarkers of tobacco chemicals is key to assess the 
health effects related to SHS and THS exposure. The biomonitoring of cotinine, 
the main nicotine biomarker, in urine, blood and saliva has been the preferred 
option to assess the kind, extent and frequency of tobacco smoke exposure. 
However, SHS and THS exposure results in the uptake of complex mixtures of 
toxicants, therefore, a wide range of tobacco specific and related biomarkers 
could be assessed. Tobacco exposure biomarker concentrations can vary 
depending on which source of exposure, SHS or THS, is predominant. Many other 
factors can induce variation, such as the life-stage of the target population or 
their race, among others that will be discussed below. Therefore, the 
simultaneous study of multiple tobacco smoke biomarkers and the analysis of 
different biological matrices would provide a wider assessment of the extent of 
tobacco smoke exposure that may help to better understand its implications in 
human health. 
Hence, this review aims to provide a critical overview on the assessment of 
exposure to tobacco smoke in nonsmokers, including both SHS and THS 
exposures, through the determination of cotinine, as the most renowned 
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tobacco-specific biomarker, together with other specific and related tobacco 
biomarkers. In recent years, an acceptable number of studies have focused on 
this multiple approach to assess both SHS and THS exposure. In 2013, a former 
publication reviewed the use of tobacco-specific biomarkers to study SHS 
exposure [17]. In the present paper we aimed to establish for the first time a 
joint discussion on the convenience of this multiple biomarkers approach to 
assess both, SHS and THS exposures, through the review of the most up-to-date 
bibliography in this respect. To that end, this report includes those studies 
published from 2012 to March 2018 that focus on tobacco smoke biomarkers 
from conventional tobacco smoke and waterpipe smoke. Here, different aspects 
are covered, from the advantages and disadvantages of the different biological 
matrices, to a general introduction about the biomarkers studied in this period 
of time, metabolism, general toxicity of their precursors and main ranges of 
concentrations. To conclude, we discuss the suitability of the determination of 
multiple biomarkers for assessing the kind and extent of SHS and THS exposure 
through several relevant examples of applications. 
 
2.3  Selection of Papers   
For the purpose of this review, we have selected original research 
publications published from 2012 to March 2018 with content based on the 
exposure to SHS and THS from tobacco combustion, in order to cover the recent 
trends in this topic. Reviews and articles exclusively based on the analysis of 
previous survey data were excluded and also those from e-cigarettes. Various 
searches were combined to identify relevant literature in the Web of Science 
(using the Web of Science® Core Collection WoS, Thomson Reuters; 
http://webofscience.com) using the keyword “cotinine” AND multiple 
UNIVERSITAT ROVIRA I VIRGILI 
ADVANCES ON THIRDHAND SMOKE USING TARGETED AND UNTARGETED APPROACHES 
Sònia Torres Gené 
 82 
combinations of the following keywords: “environmental”, “secondhand” OR 
“second-hand”, “thirdhand” OR “third-hand”, “tobacco”, “smoke” and 
“cigarette”. The papers obtained in this search were then individually revised to 
meet the inclusion criteria. To be included in this review, articles had to: (A) 
Provide original data from observational or experimental studies in human 
nonsmokers exposed to SHS and/or THS; (B) provide levels of other tobacco 
smoke biomarkers besides cotinine, including either specific and non-specific 
biomarkers of SHS and THS exposure. A further revision of the preselected 
papers was performed to assess the quality of the studies, excluding those based 
on isolated observations, and those not addressing quality parameters of the 
reported concentrations. 
Table S1 in the Supplementary Information summarizes the 44 papers 
included in this review, as well as their most relevant information, including the 
number and main characteristics of the target population, the biological matrices 
analyzed, the determined biomarkers and the ranges of the reported 
concentrations in nonsmokers exposed to SHS and/or THS. To complete the 
discussion, biomarker concentrations of smokers have been included, when 
available. 
 
2.4  Biological Matrices   
Biological matrix selection is one of the key points for a rigorous 
characterization of the kind and extent of the exposure. The selected matrix or 
matrices will depend on the aim and nature of the study, the life stage of the 
target population, the type of exposure and also the availability of robust 
analytical methods that allow a reliable determination of the biomarkers of 
interest in a concrete matrix. Commonly, the reasonable choice is to analyze the 
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least-invasive matrix in which the target biomarkers are more easily determined 
with the available analytical methods and to choose a matrix that will provide a 
broader assessment of the exposure. In the papers reviewed here, urine, saliva 
and blood have been the preferred matrices for SHS and THS human 
biomonitoring, but there is an increasing interest in alternative matrices, such as 
hair, skin and, to a lesser extent, exhaled breath. 
Urine has been the most widely used biological matrix to asses tobacco 
smoke exposure, since it is a non-invasive biofluid which can be easily obtained. 
Besides, it accumulates higher concentrations of some biomarkers in comparison 
with other biofluids, making urine the most sensitive matrix for the assessment 
of both SHS and THS exposure. The main disadvantages are that renal diseases 
or the use of certain prescription drugs may interfere with the clearance of 
urinary biomarkers and that urine dilution adjustments, such as creatinine or 
specific gravity adjustments, are needed prior to biomarker concentration 
comparison across samples [17]. Most of the urinary biomarkers are also 
excreted as glucuronide conjugates. The deglucuronization to the original form 
prior to the analysis would depend on the application and aim of the study. As 
an example, the concentration of free urinary cotinine correlates better with 
serum cotinine than with total cotinine concentration (including both free 
cotinine and cotinine glucuronide measured after deglucuronization) [18], whilst 
the evaluation of total 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) 
concentration in low SHS and THS exposures is preferred because NNAL 
glucuronide is excreted in higher concentrations (by a factor of about two, 
ethnicity dependent) than urinary free NNAL [19]. 
Blood does not require dilution adjustments, but its collection is more 
invasive and tobacco biomarkers are less concentrated than in urine (i.e., 
cotinine concentrations in serum are about four-fold to six-fold lower than in 
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urine) making blood less suitable for the assessment of THS exposure and low 
and intermittent SHS exposure [17]. Blood biomonitoring can be performed in 
different formats: Whereas plasma and serum are the most commonly used 
formats, whole blood is appropriate for the evaluation of metals because they 
are distributed between non-cellular and intra-cellular compartments [20]. 
Furthermore, dried blood spots (DBS) and cord blood are becoming popular for 
the screening of early-life exposure to tobacco smoke toxicants [21,22]. 
Saliva is a valuable alternative matrix to determine SHS and THS biomarkers, 
as it is non-invasive and easy to obtain. For smokers and nonsmokers recently 
exposed, salivary cotinine values correlate well with blood cotinine and, 
therefore, saliva collection is a feasible alternative when collecting blood 
samples is not a viable option, or when multiple measurements are required in 
a limited period of time [17]. 
Hair is the most likely used matrix to determine long-term SHS and THS 
exposure. Compared to other biological matrices, it is less affected by daily 
exposure and metabolism variability than other biological matrices allowing a 
more robust comparison [23]. The main advantages of hair are that it is a non-
invasive matrix, easy to collect and can be stored at room temperature up to five 
years [24]. There seems to be a significant role played by hair melanin with basic 
and less polar compounds being selectively enriched, which embeds them in hair 
as it grows [25]. 
Although the major intake of tobacco smoke toxicants is through the 
inhalation of SHS, the biomonitoring of toxicants accumulated in the skin is 
especially relevant in the case of THS exposure where nonsmokers are exposed 
to smoke toxicants bound to fabrics, clothing, settle dust and surfaces. Even 
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though the skin performs an effective barrier function [26], nicotine can be 
dermally absorbed and transported to the dermal blood supply [27]. 
Finally, exhaled breath condensate is a biological matrix of increased interest 
in epidemiology because it provides an immediate, non-invasive method of 
assessing smoking status. In the context of tobacco smoke exposure, the 
determination of CO in exhaled breath could be used as a short-term SHS 
biomarker, though, other sources of pollution including exhaust gases may cause 
elevations in the fractional concentrations of CO in expired air [28]. 
In Figure 1, the summary of the reviewed biological matrices analyzed in the 
papers and the tobacco smoke biomarkers determined in each matrix are shown. 
 
Figure 1. Summary of the biological matrices studied in this review and the tobacco smoke biomarkers 
determined in each matrix. Tobacco specific biomarkers are indicated in bold. CO: carbon monoxide; NNN: N′-
nitrosonornicotine; NNK: 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone; COHb: Carboxyhemoglobin; 3HC: 
trans-3’-hydroxycotinine; NNAL: 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; PAH: polycyclic aromatic 
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2.5  Tobacco-Specific Biomarkers   
Tobacco-specific biomarkers are those derived from chemicals exclusively 
from tobacco smoke: Nicotine and tobacco specific nitrosamines. This section 
describes the specific tobacco smoke biomarkers that have been determined in 
the research papers reviewed here, their mechanism of formation, as well as the 
toxicity of their precursors, with the aim of highlighting their toxicological 
relevance. Table 1 shows the biomarkers reviewed here, their half-life times and 
also the main toxicological information of the biomarker precursors, including 
the either carcinogenic and non-carcinogenic data. Table 2 summarizes the most 
common ranges of concentrations of the studied biomarkers in each biological 
matrix in accordance with the reviewed references. These concentrations have 
been classified regarding the type of tobacco smoke exposure: Smokers, SHS 
exposure and THS exposure. The column “No exposure”, includes the biomarkers 
found in a non-exposed population. This table only includes those biomarkers 
with information in more than one type of tobacco exposure. 
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2.5.1 Nicotine  
Nicotine is the main alkaloid found in tobacco leaves and an exclusive marker 
of tobacco smoke exposure. During smoking, nicotine is emitted in both gas and 
particulate phases and rapidly absorbed into the bloodstream. It is then 
distributed along body tissues and organs, such as the liver which metabolizes 
nicotine into other compounds. Although nicotine is not considered to be a 
carcinogen by the International Agency for Research on Cancer (IARC), it can 
participate in carcinogenesis through inhibition of apoptosis and cell 
proliferation [71]. Moreover, nicotine is involved in tobacco addiction, 
promotion of inflammation, adverse effects in the vascular system, reproductive 
toxicity and alterations in fetus brain development [24,72]. 
Few studies have focused on the determination of nicotine in human 
biofluids, mainly because of the low nicotine half-life times (t1/2) (11 h and 2 h 
in urine and blood, respectively) [73]. However, nicotine is a useful biomarker for 
long-term tobacco smoke exposure in hair, where it remains unmetabolized and, 
consequently, as hair grows over the months, tobacco exposure is “recorded” 
over long periods of time [74]. As shown in Table 2, nicotine in hair can be found 
in 10 to 100 times higher concentrations than cotinine typically ranging from 2.01 
to 79.3 ng/mg in smokers [35] and from 0.08 to 5.02 ng/mg [23,35–40] in a SHS-
exposed population. Hair nicotine concentrations also highly correlated with 
airborne nicotine and cotinine in urine, thus confirming its suitability as an 
alternative tobacco smoke exposure biomarker. Furthermore, since nicotine in 
hair is less affected by daily variability, possible cutoff values have been proposed 
to distinguish active smokers from SHS-exposed nonsmokers, such as 5.68 ng/mg 
(sensitivity, 94.2%; specificity, 87.0%) [64].  
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Besides, the determination of nicotine in skin, especially in hands and 
fingers, could be also an excellent indicator of the kind and extent of tobacco 
smoke exposure. Skin nicotine concentrations reached values up to 1160 
ng/wipe in smokers [41] and up to 48.9, 46.1 and 17.7 ng/wipe in nonsmokers 
exposed to SHS, THS and non-exposed, respectively [42,43]. Similarly to hair, the 
accumulation of nicotine in the hands of nonsmokers also correlated with 
airborne nicotine and urinary cotinine, making skin nicotine a feasible biomarker 
to monitor low SHS and THS exposure. 
 
2.5.2 Nicotine Metabolites 
Nicotine metabolism, summarized in Figure 2A, depends on several factors 
including ethnicity, gender, age, genetics, pregnancy or several diseases, such as 
liver or kidney disease [24]. Around 70% to 80% of nicotine is transformed into 
its main metabolite, cotinine, by two enzymatic reactions [75] carried out by 
cytochrome P450 2A6 (CYP2A6) in combination with a cytoplasmic aldehyde 
oxidase [76,77]. The higher persistence of cotinine (t1/2 of 15 h in saliva, 16 h in 
blood and 3–4 days in urine, shown in Table 1), together with the wide range of 
available analytical methods, makes it the most widely used biomarker to assess 
tobacco smoke exposure [75,78]. However, it is estimated that only around 10% 
to 15% of cotinine is found in smokers’ urine because most of cotinine is 
converted into other metabolites [75], mainly trans-3′-hydroxycotinine (3HC), 
also through a CYP2A6 mediated reaction [79]. The occurrence of 3HC in urine is 
33% to 40% and the average half-life of 3HC is similar in both plasma and urine 
(an average of 6.6 h and 6.4 h, respectively) [80]. Nicotine and its metabolites 
could also be transformed into N-quaternary glucuronides by the uridine 
diphosphate-glucuronosyltransferase (UGT). These glucuronides are present in 
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urine with occurrences of 3% to 5%, 12% to 17% and 7% to 9% for nicotine, 
cotinine and 3HC glucuronides, respectively [73], but may be partially hydrolyzed 
after sample collection [81]. Hence, the enzymatic hydrolyzation of the 
glucuronides conjugates is the common procedure prior to the samples analysis. 
Cotinine concentrations have been mainly monitored in biofluids. Urine, 
blood and saliva cotinine concentrations have been used to both establish cutoff 
values to distinguish active smokers from nonsmokers and characterize the type 
and extent of the exposure. The typical urinary cotinine cutoff value is 30 ng/mL. 
Urinary cotinine concentrations usually range from 34.5 to 489 ng/mL for 
smokers [46,47], from 0.25 to 30 ng/mL for SHS exposed nonsmokers 
[22,36,42,45,46,48–50], up to 5 ng/mL for THS exposed nonsmokers [41,43,44] 
and around 0.88 ng/mL in non-exposed nonsmokers [43]. Nevertheless, acute 
exposure to SHS can raise urinary cotinine concentrations to levels similar to 
those reported in smokers’ concentrations. This is for instance the case of 
nonsmoker workers of bars and restaurants without smoking bans that 
presented mean urinary cotinine concentrations in the range of 35.9 to 61.2 
ng/mL [44,47].  
In serum and plasma, cotinine cutoff values are typically 10 or 15 ng/mL 
[51,53–55,57,58]. Common cotinine levels ranged from 0.015 to 14.6 ng/mL for 
SHS exposed nonsmokers [49,53–58], whereas cotinine levels in smokers can be 
more than one order of magnitude higher [51–55,57,58]. Non-exposed 
nonsmokers did not present quantifiable cotinine values. The incidence of 
several illnesses may affect serum cotinine levels of nonsmokers. For instance, 
nonsmoker adults with self-reported asthma from the 2007–2008 US National 
Health and Nutrition Examination Survey (NHANES) presented serum cotinine 
concentrations reaching up to 57 ng/mL [51].  
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Salivary cotinine is an alternative to blood worth considering: Concentration 
in saliva is usually between 15% and 40% higher than in blood because cotinine 
molecules are small, relatively water soluble and present minimal protein 
binding in the blood [82]. The interpretation of saliva cotinine can be limited by 
variability across individuals caused by the effect of age, gender, race, oral pH, 
type of diet, dehydration or drug treatment [17]. The usual salivary cotinine 
cutoff value was 13 ng/mL to distinguish between active smokers from 
nonsmokers, whilst 10 ng/mL was useful to distinguish low and high SHS 
exposure [39]. More recently, Lam et al. examined the associations between 
measured SHS exposure and mental health. Salivary cotinine levels were used to 
categorize the studied population into different groups according to the level of 
exposure: Low SHS exposure (0.1–0.3 ng/mL), moderate SHS exposure (0.4–0.7 
ng/mL) and high SHS (0.8–14.9 ng/mL) [59]. As shown in Table 2, salivary cotinine 
concentration ranged between 0.04 and 14.9 ng/mL in nonsmokers exposed to 
SHS [36,38–40,59,61–63], and reached up to 653 ng/mL in active smokers 
[38,39,59,60]. Salivary cotinine concentrations increase even after a short time 
of SHS exposure, thus demonstrating the suitability of salivary cotinine as a short-
term SHS exposure biomarker [61]. 
3HC urinary concentration values are usually three-to four-fold higher than those 
found for urinary cotinine and, therefore, the determination of urinary 3HC 
would provide a more sensitive measurement of tobacco smoke exposure 
[73,83]. Nevertheless, the study of 3HC is mainly used in smoker cohorts and only 
one of the studies that met our selection criteria have focused on the 
determination of this biomarker in nonsmokers. Mean 3HC concentrations were 
ca. 10 fold-higher in smokers than in SHS exposed nonsmokers (654 vs. 60.8 μg 
per g of creatinine (μg/g cr), respectively) [65]. 
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Figure 2. (A) Mechanisms of formation of the tobacco smoke specific biomarkers studied in this review, 
including the main ranges of transformation, expressed in percentage (%) [24,84]. (B) Mechanisms of formation 
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2.5.3 Tobacco Specific Nitrosamines 
During tobacco curing and burning, nicotine reacts to form tobacco-specific 
nitrosamines (TSNAs), a leading class of carcinogens in tobacco products. TSNAs 
can also be formed by the oxidation of residual nicotine deposited in dust 
particles and surfaces through the reaction with ozone, nitrous acid and other 
atmospheric oxidants [7]. Therefore, the determination of TSNAs biomarkers is 
especially relevant to evaluate THS exposure. As shown in Table 1, N′-
nitrosonornicotine (NNN) and 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone 
(NNK) are considered carcinogenic for humans (Group 1) by the IARC [88] with 
an inhalation unit risk of 4.0 × 10−4 (µg/m3)−1 and 5.2 × 10−3 (µg/m3)−1, 
respectively. Carcinogenesis of NNN and NNK comes through their metabolic 
activation mainly conducted by cytochrome P450, generating reactive species 
that form adducts with DNA [89]. Studies performed in small rodents showed 
that NNK induced tumors in the lungs, nasal cavities, trachea and liver, while 
NNN produced tumors in esophagus as well as in lungs, nasal cavities and trachea 
[90,91]. After absorption, carbonyl reductases and 11β-hydroxysteroid 
dehydrogenase type 1 (HSD11B1) rapidly convert NNK to its main metabolite 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), shown in Figure 2A, which 
is considered to have similar adverse health effects as its precursor [92]. Urinary 
levels of total NNAL and total NNN have been linked with lung and esophageal 
cancer risk, respectively [93,94]. NNAL can be transformed to NNAL-glucuronide 
by UGT enzymes prior to body detoxification [84], mainly into NNAL-O-
glucuronide in urine [95]. The higher occurrence of NNAL in urine (i.e., urinary 
NNAL levels are about 30-fold higher than urinary NNN levels) and its higher half-
life time (40–45 days against 2.6 h for NNAL and NNK, respectively, shown in 
Table 1), makes urinary NNAL a good biomarker of long-term and intermittent 
exposure to tobacco smoke [84,88]. Besides, as SHS ages, nicotine levels rapidly 
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decline but NNK levels increase confirming the suitability of urinary NNAL as a 
more reliable biomarker of THS exposure than nicotine metabolites. Mean 
urinary NNAL concentrations were 80.9–405.5 pg/mL in active smokers 
[50,51,58], 5.9–20.1 pg/mL for high SHS exposure [44,48,58,66], 0.95–2.21 
pg/mL for low SHS exposure [36,50,51,54,61], 2.7–6.7 pg/mL for THS exposure 
[42] and 0.81 pg/mL for no exposure [43]. Recently, Benowitz et al. estimated a 
urinary NNAL cutoff value to distinguish between active smokers and 
nonsmokers exposed to SHS. For a cotinine cutoff of 30 mg/L, the estimated 
NNAL was 14.4 pg/mL (10.2 pg/mg creatinine), with 94.6% sensitivity and 93.4% 
specificity [50]. 
Data from the 2011–2012 NHANES showed that urinary NNAL was over 20 
times higher for nonsmokers exposed to SHS at home compared to those non-
exposed. Moreover, irrespective of smoking status, non-Hispanic Asian American 
presented lower biomarkers concentrations compared to both non-Hispanic 
whites and non-Hispanic blacks thus corroborating differences in the elimination 
kinetics of nicotine/cotinine and NNAL [58]. Data from NHANES 2011–2012 was 
also used to assess NNK exposure by age group and ethnicity by measuring 
urinary NNAL in 4831 nonsmokers. Among all non-tobacco users, significantly 
higher geometric means and 95th percentiles of urinary total NNAL were 
observed among children aged 6 to 19 years old (2.43 (1.96–3.02) pg/mL) vs. 
adults aged >20 years (1.38 (1.21–1.57) pg/mL). Among these nonsmokers, non-
Hispanic Blacks had higher urinary levels of NNAL (volume-base and creatinine 
corrected) than other ethnicity groups [54].  
Nevertheless, non-metabolized TSNAs could be the preferable choice in 
other biological matrices. In this sense, a recent study performed by Perez-
Ortuño et al. showed that NNK was the most concentrated TSNA in hair of 
nonsmokers exposed to SHS, with a mean concentration of 2.1 pg/mg, 
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correlating well with nicotine and cotinine. Consequently, NNK could be the most 
suitable hair biomarker of cumulative exposure to TSNAs [23]. Conversely, the 
same group of researchers found that NNN was the most prevalent TSNAs in 
nonsmokers’ saliva samples, with a mean concentration of 5.3 pg/mL. The 
salivary NNN/cotinine ratio confirmed the relative NNN increase in SHS 
exposure. Considering that NNN is associated with esophageal and oral cavity 
cancers, the authors proposed the monitoring of salivary NNN to assess the 
cancer risk associated with exposure to tobacco smoke. 
 
2.6  Tobacco-Related Biomarkers   
SHS and THS exposure results in the uptake of a wide range of toxicants apart 
from those specific to tobacco smoke. These tobacco-related toxicants may 
come from other sources of exposure besides tobacco smoke. However, their 
high toxicity makes them worthy of study in different tobacco smoke exposure 
scenarios in combination with cotinine and other tobacco-specific biomarkers, 
thus providing a broader perception of the health harms derived from tobacco 
smoke exposure. The non-specific biomarkers analyzed in the papers reviewed 
here included polycyclic aromatic hydrocarbons, several kinds of volatile organic 
compounds, metals and carbon monoxide. 
 
2.6.1 Policiclic Aromatic Hydrocarbons 
Although polycyclic aromatic hydrocarbons (PAHs) are not tobacco smoke-
specific markers, they are present in higher concentrations in smoking 
environments [96]. PAHs are metabolized in the liver by cytochrome P450 
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generating reactive epoxy intermediates which are converted to its non-reactive 
hydroxylated forms by epoxide hydrolase. Figure 2B shows the pyrene 
metabolism as an example of PAH metabolism. To perform body detoxification, 
PAH intermediaries are conjugated with glucuronide acid or glutathione by UGTs 
or glutathione S-transferases (GSTs), respectively, and excreted [85,97,98]. As 
shown in Table 1, half-life time of some common PAH biomarkers vary from 4.1 
to 9.4 h [99]. The main health effects of PAHs have been related with 
immunotoxicity, genotoxicity, cytotoxicity, mutagenicity and carcinogenicity in 
humans [100]. Short-term exposure to PAHs may also result in several non-
carcinogenic effects, such as eye and skin irritation, nausea, vomiting and 
inflammation. Long-term exposure to PAHs has been related with cataracts, 
kidney and liver damage, break-down of red blood cells and several types of 
cancer, such as skin, lung, bladder and gastrointestinal cancer [101]. As an 
example of the occurrence of PAH biomarkers in relation with tobacco smoke 
exposure, Kim et al. performed cross-sectional analyses of 1985 children aged 6 
to 18 years using data from the 2003–2008 US NHANES survey. SHS exposure, 
measured as serum cotinine, was strongly associated with urinary 
concentrations of nine PAH biomarkers, with concentrations in SHS exposed 
nonsmokers ranging from 118 ng/mL for 1-OHPyr and up to 6046 ng/mL for 
naphthalene metabolites. PAH biomarkers of non-exposed children were 
generally lower, as seen in Table 2 [57]. 
 
2.6.2 Volatile Organic Compounds (VOCs) 
Tobacco smoke also contains a wide range of VOCs, including several 
carbonyl compounds, such as crotonaldehyde and acrolein, and aromatic 
compounds like benzene, among others [2]. Exposure to these VOCs is associated 
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with many adverse health effects including irritations, tissue damage, DNA-
adducts formation, mutagenicity and even strong carcinogenic effects in the case 
of benzene [102–104]. Following exposure, body detoxification from 
crotonaldehyde and acrolein mostly begins with the conjugation of glutathione 
by GSTs in the liver and ends with the production of their main metabolites N-
acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine (HPMM) and 3-hydroxypropyl 
mercapturic acid (HPMA), respectively, which are excreted through urine, as 
shown in Figure 2B [86,87]. Urinary half-life of HPMM and HPMA is 5–9 h [105]. 
Waterpipe smoke exposure is a source of acrolein. In waterpipe venues urinary 
3-HPMA and cotinine were positively correlated among smokers and 
nonsmokers with values up to 3686 pmoL/mg cr in daily waterpipe smokers and 
2498 pmoL/mg cr in nonsmokers attending a waterpipe social event [68]. 
Bagchi et al. examined the influence of tobacco exposure and 
crotonaldehyde in 4692 participants of the 2005–2006 and 2011–2012 NHANES 
surveys, with mean (IQR) values of 1.63 (068–3.29) in smokers and 0.313 (0.231–
0.451) in nonsmokers. Urinary HPMM levels were positively associated with 
serum cotinine and even though demographic variables, such as age, gender and 
race, showed distinct effects on crotonaldehyde exposure, authors concluded 
that tobacco smoke is a major source of crotonaldehyde exposure [55].  
An average of 17% of the inhaled benzene is exhaled and the remaining part 
is metabolized and excreted through urine as unmodified benzene and as other 
metabolites such as S-phenyl-mercapturic acid (SPMA) or trans,trans-muconic 
acid (ttMA) [103,106]. The association between urinary benzene and SHS 
exposure was measured by Protano et al. in 122 children from an Italian rural 
area [67]. Benzene median concentrations and IQR for children with smoking 
parents were 359.5 ± 362 ng/L, whereas non-exposed children’s were 92.5 ± 90 
ng/L. For children with smoking parents who did not smoke inside the homes, 
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benzene concentrations were 282 ± 131 ng/L and 314.5 ± 177 ng/L for children 
whose parents smoked inside the house when children were out, thus indicating 
the relevance of THS exposure in children. If parents smoked inside when 
children were in, children’s benzene concentrations were 596 ± 548 ng/L. Urinary 
cotinine concentrations varied similarly. In a latter study, urinary cotinine was 
positively correlated with urinary benzene (r = 0.164, p < 0.05) and its metabolite 
SPMA (r = 0.190, p < 0.01) in morning urine samples [107]. Although benzene 
may occur from different emission sources, the relationship of benzene with SHS 
and THS was proved in the studied children. 
 
2.6.3 Metals 
A numerous amount of toxic metals, such as cadmium and lead, are 
transferred to tobacco smoke during cigarette burning and absorbed by humans 
through inhalation. Tobacco smoke is considered to be one of the main source 
of cadmium and lead intake by humans [108,109]. After absorption, cadmium 
and lead are transported through the blood to several tissues, such as lungs, 
kidneys or bones, where they can be accumulated [110,111]. These toxicants are 
mainly eliminated through urine but their clearance is quite slow (i.e., 0.001% 
per day of Cd) [108]. As shown in Table 1, half-life time of lead in blood averages 
36 days while half-life time of cadmium in urine and blood can be up to one or 
two decades [110,112]. Both cadmium and lead can produce tubular dysfunction 
and renal failure in the kidney [113], hence lead is classified as a possible human 
carcinogen and cadmium as carcinogenic to humans [30]. 
The presence of heavy metals in combination with cotinine has been 
assessed in sensible populations. For instance, Polanska et al. reported a mean 
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lead concentration of 1.1 µg/dL with a range from 0.4 to 5.7 µg/dL in cord blood 
of SHS-exposed newborn babies. Prenatal lead exposure together with a long-
term exposure to SHS resulted in a negative effect on the development of motor 
abilities for children tested in 2-year-olds [22]. In pregnant women at delivery 
time, Jedrychowski et al. found a low lead concentration of 1.63 µg/dL in whole 
blood, which might be associated with hypertension during pregnancy. 
Nevertheless, the occurrence of lead was not clearly correlated with cotinine 
levels [56]. However, there were small but significant correlations between 
cotinine and lead in newborns and children DBS [52,114]. 
The role of SHS exposure in urinary cadmium levels was also not conclusive. 
As an example, similar cadmium concentrations were found in children exposed 
and non-exposed to SHS, without clear correlations with urinary cotinine 
[46,115]. Conversely, Sánchez-Rodríguez et al. found that urinary cadmium levels 
slightly decreased in 83 adults after the implementation of a restrictive anti-
smoking legislation, ranging from 0.17 (0.11–0.29) μg/g cr before the smoking 
ban to 0.10 (0.06–0.22) μg/g cr one year after the law implementation. The 
reduction of urinary cotinine was lower than urinary Cd, thus the authors 
concluded that further monitoring is necessary as Cd variations could be also due 
to atmospheric Cd exposure and may be influenced by differences in body mass 
indexes [116]. Nevertheless, a possible correlation of whole blood cadmium 
concentrations with SHS exposure was studied in 1398 adults participating in the 
2007–2012 Korean National Health and Nutrition Examination Survey 
(KNHANES) that self-reported SHS exposure. Age adjusted blood cadmium levels 
in adults were higher in nonsmokers exposed to SHS than in non-exposed ones 
(1.07 µg/L vs. 1.02 µg/L). In addition, blood cadmium levels of both adults and 
adolescents correlated positively with levels of urinary cotinine [69]. 
 
UNIVERSITAT ROVIRA I VIRGILI 
ADVANCES ON THIRDHAND SMOKE USING TARGETED AND UNTARGETED APPROACHES 
Sònia Torres Gené 
 103 
2.6.4 Carbon Monoxide 
SHS is considered an important source of exposure to CO in nonsmokers 
[117]. CO levels in mainstream smoke average 5 to 22 mg/cigarette 
(approximately 4.5% of tobacco smoke [118]) and are on the level of 9 to 35 
mg/cigarette for sidestream smoke [119]. Once released in the atmosphere, CO 
rapidly diffuses into the body through alveolar, capillary and placental 
membranes during inhalation. Since CO has 200 to 250 times more affinity to 
haemoglobin than oxygen, 80% to 90% of CO successfully binds to haemoglobin, 
forming its main blood metabolite, carboxyhaemoglobin (COHb). As shown in 
Table 1, half-life time of exhaled CO and blood COHb average 2–6 h and 4–6 h, 
respectively and therefore they can be used as short-term SHS exposure 
biomarkers [24]. Cigarette consumption and high concentrations of exhaled CO 
could be related to low birth weight [120]. However, further research is needed 
to determine the toxicological importance of CO in SHS exposure. As seen in 
Table 2, CO concentration ranges between 1.9 and 5.9 ppm in nonsmokers 
exposed to SHS, whereas in smokers commonly range from 6 ppm (common 
cutoff value) to 22.81 ppm [47,59]. Exhaled carbon monoxide (CO) from workers 
who are exposed to SHS in public venues could be measured to investigate 
indoor air quality [121]. Whole blood COHb correlates with the smoking status, 
with mean concentrations of 17.57% in smokers and 1.2% in nonsmokers 
exposed to SHS [70]. Among nonsmokers, 30 min of exposure to waterpipe 
smoke increased the COHb levels, which correlated with serum cotinine, 
corroborating the relevance of CO emissions, even in short-time SHS exposure. 
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2.7  Determination of Multiple Specific Biomarkers. 
Examples of Applicaitons 
In the previous sections we have already commented the suitability of each 
studied biomarker and their association with cotinine concentrations and the 
type of tobacco smoke exposure. The aim of this section is to comment some 
selected examples to further discuss the usefulness of the simultaneous 
determination of multiple biomarkers for the characterization of either SHS or 
THS exposure. 
 
2.7.1 Evaluation of SHS Exposure 
The intrinsic characteristics of the studied populations have a key role not 
only in the selection of the biological matrix, but also in the election of 
biomarkers. For instance, the determination of nicotine in biofluids does not 
provide very valuable information, the simultaneous analysis of urinary nicotine 
and cotinine can be suitable in individuals with a decreased ability to metabolize 
nicotine due to a reduced CYP2A6 activity. In this sense, Matsumoto et al. studied 
the total nicotine and cotinine urinary concentrations of 117 Japanese 
nonsmokers, concluding that 54% of these nonsmokers presented higher 
nicotine concentrations than those found for cotinine [45] and, therefore, the 
simultaneous determination of both biomarkers provided a better 
characterization of SHS exposure for that population group.  
Although the study of cotinine and 3HC has been extensively used in cohorts 
of smokers, the simultaneous determination of urinary NNAL and urinary or 
serum cotinine is usually the preferred approach for characterizing long term 
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SHS. As TSNAs are formed while SHS ages, urinary NNAL/cotinine ratio is 10 times 
higher in SHS exposure compared to active smoking, without gender, 
race/ethnicity or age differences [50], and it is estimated to be even higher in 
young children exposed to THS. Therefore this ratio could be used as a biomarker 
to distinguish between SHS and THS exposure [6]. The NNAL/cotinine ratio was 
also higher among pregnant women who did not smoke (0.0076) in comparison 
to those who smoke (0.0013) [48]. Nevertheless, Benowitz et al. recently 
suggested that by comparing sensitivity and specificity, the single determination 
of NNAL has a better performance than the NNAL/cotinine ratio in discriminating 
smokers from nonsmokers [50]. 
Since urinary cotinine and NNAL have different metabolic clearances, the 
joint study of both biomarkers could be useful to evaluate changes in SHS 
exposure. For instance, the role of SHS exposure in cars was evaluated by 
exposing eight nonsmoker volunteers to SHS for one hour (3 cigarettes). After 
this exposure, urinary cotinine increased 6-fold whilst the increase of NNAL was 
ca. 27-fold in comparison with baseline biomarker levels. In the same study 
plasma nicotine did not change after SHS exposure [49]. In another example, the 
application of the smoking ban reduced urinary cotinine and NNAL from mean 
values of 35.9 ng/mL and 18.2 pg/mL, respectively, to values below the detection 
limit (<5 ng/mL) for cotinine and 7.3 pg/mL for NNAL, two months after 
implementing the law [44]. Urinary cotinine and NNAL concentrations also 
correlate with airborne particulate matter (PM2.5) [37,122,123]. 
Finally, another example of the determination of multiple tobacco smoke 
biomarkers is the evaluation of SHS exposure in waterpipe venues, which 
exposure to smoke toxicants may differ from conventional cigarette smoke 
exposure. For instance, Moon et al. recently investigated the possible 
correlations of four tobacco specific biomarkers (urinary and salivary cotinine, 
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urinary NNAL and hair cotinine) with two related biomarkers (urinary 1-OHPyrG 
and CO in breath). In nonsmoking employees, they found moderate correlations 
among the tobacco-specific biomarkers, urinary cotinine and 1-OHPG. However, 
in this study CO concentrations were not associated with any of the tobacco-
specific biomarkers studied (salivary cotinine, hair nicotine, urinary NNAL, and 
exhaled CO) which could be due to the short half-life of CO or the sampling 
process when business activity was low [36]. 
 
2.7.2 Evaluation of THS Exposure 
When designing studies to evaluate THS exposure, it is necessary to take into 
consideration three main characteristics that make THS different from SHS 
exposure [6]. The first one is that the concentration of TSNAs increases as SHS 
ages, therefore, the TSNAs/cotinine ratio in nonsmokers exposed to THS is 
usually higher than in non-exposed ones. The second consideration is that 4-
(methylnitrosamino)-4-(3-pyridyl)butanal (NNA) is a TSNA that is specific to THS, 
and the evaluation of its possible main metabolites—4-(methylnitrosamino)-4-
(3-pyridyl)-1-butanol (iso-NNAL) and 4-(methylnitrosamino)-4-(3-pyridyl)butyric 
acid (iso-NNAC)—would enable the distinction between SHS and THS exposure. 
However, to date, there is a lack of biomonitoring studies of these specific NNA 
biomarkers. The third consideration is that unlike SHS, the main pathways of 
exposure to THS are nondietary ingestion and dermal absorption. Dermal 
absorption is usually overlooked as a possible pathway of exposure, but it is 
especially relevant in the case of THS contamination where nonsmokers are 
exposed to smoke toxicants bound to fabrics, clothing, settle dust and surfaces. 
Different studies demonstrated that nicotine has a large dermal permeability 
coefficient (kp_g—from air through skin to blood—4.4 m/h) [27], that dermal 
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uptake of nicotine can occur directly from air, which is comparable to the 
estimated inhalation uptake of nicotine [124] and lastly, that a substantial 
fraction of tobacco smoke exposure is through dermal absorption [125]. 
The accumulation of nicotine in the hands of nonsmokers has been proved 
in several studies. Different research groups of the University of California in San 
Diego leaded by Matt el al., have measured finger nicotine as a biomarker of THS 
exposure [42,43]. The main aim of these studies was to examine whether THS 
persists during long periods of time in different indoor environments. For 
instance, finger nicotine concentrations of nonsmokers who stayed overnight in 
guest rooms were up to 17.7 ng/wipe in hotels with complete smoking bans, up 
to 226.9 ng/wipe in non-smoking rooms in hotels without complete smoking 
bans and up to 1713.5 ng/wipe in smoking rooms, correlating with the nicotine 
found on guestroom surfaces and urinary cotinine. Urinary cotinine GM levels 
were five to six times higher for volunteers staying in smoking rooms. Mean 
cotinine levels were similar between those volunteers staying in non-smoking 
rooms of smoke-free and smoking hotels, suggesting that the single study of 
cotinine did not provide an accurate measure of THS exposure. NNAL was 
measured only in guests staying in the most polluted smoking rooms. For these 
guests NNAL’s GM increased from 0.86 pg/mg cr to 1.24 pg/mg cr after staying 
overnight [43].  
In a study published in 2017, homes of former smokers were examined until 
6 months after quitting [42]. In the first week after quitting, they observed a 
significant reduction of nicotine in fingers of non-smoking residents (from 29.1 
to 9.1 ng/wipe) without any significant changes thereafter, matching with 
nicotine levels in surfaces. These findings indicated that surfaces may be the 
main source of finger nicotine and also that homes of smokers remained polluted 
with THS for up to 6 months after cessation. Levels of cotinine declined from the 
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first week after quitting, decreasing from a baseline GM concentration of 9.9 to 
1.5 ng/mL 1 month after quitting, and remaining stable after that time point. 
However, NNK exposure declined more gradually since it was not until 3 months 
after quitting that NNAL levels decreased significantly (11.0 pg/mL at basal level 
to 3.2 pg/mL 3 months post quitting). After this initial decline, both urinary 
cotinine and NNAL levels remained stable and above levels found in nonsmokers 
without exposure to SHS or THS. Authors concluded that smoking cessation did 
not immediately and completely eliminate exposure risk since homes of smokers 
remained polluted with nicotine and TSNAs in dust and on surfaces, and 
residents continued to be exposed for at least 6 months after smoking cessation. 
Recently, the relationship between tobacco smoke exposure and hand 
nicotine was studied in 25 children with potentially tobacco related illnesses [63]. 
All children had detectable hand nicotine in the range of 18.3 to 690.94 ng/wipe 
(GM 86.4 ng/wipe) confirming the relevance of THS exposure in young children. 
Furthermore, hand nicotine levels presented a significant positive association 
with salivary cotinine, therefore, hand wipes could be useful as a proxy for 
exposure and to determine overall tobacco smoke pollution. These findings 
corroborated that tobacco exposure is produced via multiple pathways and, 
therefore, a comprehensive assessment of tobacco exposure must include both 
SHS and THS. 
Nicotine in fingers has also been used for the assessment of THS 
transportation, thus Northrup et al. evaluated THS exposure in infants of 
smoking mothers, admitted to the neonatal intensive care unit on their date of 
birth [41]. Nicotine in mother’s fingers highly correlated with tobacco biomarkers 
in infant urine. Levels of urinary NNAL in the newborn were comparable to those 
levels found in nonsmokers exposed to SHS and to the urinary NNAL 
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concentrations in former smokers just 1 week after quitting [42], thus 
corroborating the role of THS transportation in tobacco smoke exposure. 
Besides, four studies have focused on the suitability of urinary cotinine and 
NNAL to assess THS exposure. Urinary cotinine values for THS exposure ranged 
between 0.05 to 5 ng/mL for most of the studies [41,43,44] and were up to 6 
ng/mL in one case [42]. These levels exceeded the range proposed by Benowitz 
et al. of 0.05–0.25 ng/mL for low-level SHS exposure or THS exposure [50]. These 
values also include cotinine levels of bar employees after a smoking ban 
implementation and hence, exposed to THS in an environment where smoking 
was previously permitted [44]. NNAL levels were between 2.7 and 6.7 pg/mL for 
nonsmokers exposed to THS at home [42] and were up to 7.3 for bar employees 
exposed to THS at work [123]. These levels have been exceeded in the case of 
infants admitted in intensive care unit who have smoking mothers (12.4 pg/mL) 
[41]. 
 
2.8  Conclusions 
The determination of biomarkers of tobacco smoke exposure plays a key role 
in the characterization of the health effects related to this exposure. In this 
review we have discussed the suitability of the determination of multiple 
biomarkers to assess SHS and THS exposure. The selected biological matrices will 
determine the kind of information obtained in a concrete study. Urine was the 
most widely used biological matrix in the studies summarized here, suitable for 
the assessment of SHS and THS. Nevertheless, depending on the nature of the 
study, it can be useful to complement the information provided by the urinary 
biomarkers with the analysis of other biological matrices, such as blood. For 
short-term exposure, saliva and exhaled breath are commonly studied, whilst 
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hair enables the assessment of long-term exposure. Dermal absorption is usually 
overlooked as a pathway of exposure to tobacco toxicants, however, several 
studies have demonstrated the relevance of skin in the transport and 
accumulation of tobacco smoke toxicants. In the characterization of THS 
exposure, nicotine in hands and fingers correlated with urinary cotinine and 
NNAL. 
The selection of the appropriate target biomarkers will depend on the 
available biological matrices (that influence on biomarker availability and half-
life time), source of exposure (i.e., cigarettes or waterpipe), objectives of the 
study (i.e., short term, long-term or intermittent SHS exposure or THS exposure) 
and the characteristics of the target population (i.e., age, race, specific diseases, 
etc.). Cotinine is the gold standard biomarker of tobacco exposure. Nevertheless, 
an approach worthy of further investigation could be the simultaneous 
determination of urinary cotinine and NNAL that enables a better 
characterization of low SHS and THS exposure. Besides, NNK and NNN were the 
most concentrated TSNAs in saliva and hair, respectively, and the identification 
of these biomarkers in these biomatrices must be considered in future works. 
The assessment of non-specific biomarkers provided a broader knowledge about 
the health effects associated with tobacco smoke exposure. Nevertheless, 
exposure to these biomarkers can also occur from other sources and, therefore, 
their concentrations are not always clearly linked with tobacco exposure. 
Finally, although few studies have focused on determining THS exposure, the 
data reviewed here confirms the risks of this poorly described tobacco smoke 
exposure pathway. Consequently, future research must include the assessment 
of both SHS and THS exposure, especially in the most vulnerable population to 
THS: Children. 
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2.9  Supplementary Information  
Table S1. Summary of the results obtained in the papers included in this review. 
The data presented in this table corresponds to the biomarker concentrations from the 
nonsmokers studied that were exposed to sencondhand (SHS) or thirdhand smoke (THS), 
including the main characteristics of the target population, the analyzed biomatrix and 
the biomarker concentration, expressed as reported in the original paper. The smokers 
(S) concentrations are also summarized, if available. 
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Aft. (S): 0.24 (0.17-0.38) µg/g cr 
Bef. (SHS): 0.17 (0.11-0.29) µg/g cr 
Aft.: 0.10 (0.06-0.22) µg/g cr 
[24] 
Adults: Sm
okers n = 404-420, SHS exposed n = 116-118, age: 













S: 149.205 (133.602-166.63) ng/m
L 










S: 0.212 (0.184-0.246) ng/m
L 
SHS: 0.0109 (0.0059-0.0201) ng/m
L  
[25] 
Staff in pub and restaurants (Rest.): n = 101, m





pling based on the type (Rest. and Pubs) and size (<150 
m
2 and ≥150 m
2) of facilities 
Before sm







Rest. < 150 m
2  
  Bef. (SHS): 1.5 (2.0) ng/m
g cr 
  Aft.: 1.9 (2.4) ng/m
g cr 
Rest. t 150 m
2  
  Bef. (SHS): 1.3 (1.9) ng/m
g cr 
  Aft.: 1.4 (2.4) ng/m
g cr 
Pub < 150 m
2  
  Bef. (SHS): 2.6 (3.1) ng/m
g cr 
  Aft.: 3.5 (3.1) ng/m
g cr 
Pub t 150 m
2  
  Bef. (SHS): 1.9 (2.9) ng/m
g cr 







Rest. < 150 m
2  
  Bef. (SHS): 6.4 (1.9) pg/m
g cr 
  Aft.: 6.2 (2.1) pg/m
g cr 
Rest. t 150 m
2  
  Bef. (SHS):4.3 (2.3) pg/m
g cr 




  Bef. (SHS): 9.8 (2.3) pg/m
g cr 
  Aft.: 10.4 (2.3) pg/m
g cr 
Pub t 150 m
2  
  Bef. (SHS): 12.1 (2.0) pg/m
g cr 






S: 358 (74-653) ng/m
L  
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ith possible SHS exposure (NS) n = 529 (quantificable: 8-81), 
fem
ale m
edian age: 58 years, m
ale m



















S: 17 (3.9-91) pg/m
L 
N








S: 4.0 (2.8-7.1) pg/m
L 
N








S: 1.7 (0.98-3.5) pg/m
L 
N














































ployees exposed to SHS in public places: 
GB: Governm
ent buildings n = 10 
LB: Large Buildings n = 11 
N
: N
urseries n = 6 







GB (SHS): 4.99 µg/g cr 
LB (SHS): 1.00 µg/g cr 
N
 (SHS): 0.78 µg/g cr 






GB (SHS): 0.86 ng/m
g 
LB (SHS): 0.47 ng/m
g 
N
 (SHS): 0.14 ng/m
g 









GB (SHS): 2.93 µg/g cr 
LB (SHS): 0.84 µg/g cr 
N
 (SHS): 0.34 µg/g cr 
EI (SHS): 1.84 µg/g cr 
[29] 
Adults: n = 20, age: >18 years, 9 fem
ale  
SHS exposed at hom


















SHS: 0 - 11 ng/m
L 
Cutoff low
 SHS: < 10 ng/m
L 
Cutoff high SHS: > 10 ng/m
L - 13 ng/m
L 
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Adults: SHS exposed at hom
e n = 24, Non-exposed at hom
e 
(N










SHS: 2040 (1200-4650) pg/m
g 
N






SHS: 49 (26-106) pg/m
g  
N























SHS:  1.3 (0.92-2.7) pg/m
g 
N























 SHS: 0.05-0.268 ng/m
L  









 SHS : 0.001-0.005 ng/m
L cr  
High SHS: t0.005-d0.082 ng/m
L cr 
[32] 
Adults: n = 6-25, m









BL: Baseline n = 9-25 
W
1: W
eek 1 postquit n = 9-17 
M
1: M
onth 1 postquit n = 9 
M
3: M
onth 3 postquit n = 8 
M
6: M









BL (SHS): 25.6 (13.2-48.9) ng/w
ipe 
W
1 (THS): 9.1 (3.8-20.2)ng/w
ipe 
M
1 (THS): 10.2 (4.7-21.2) ng/w
ipe 
M
3 (THS): 5.2 (0.9-19.9)ng/w
ipe 
M








BL (SHS): 9.9 (2.6-32.5) ng/m
L 
W
1 (THS): 6.0 (1.2-20.8) ng/m
L 
M
1 (THS): 1.5 (0.5-3.4) ng/m
L 
M
3 (THS): 1.7 (0.4-4.2)ng/m
L 
M








BL (SHS): 10.7 (4.7-24.2) pg/m
L 
W
1 (THS): 6.7 (2.5-15.9) pg/m
L 
M
1 (THS): 6.7 (3.5-12.2) pg/m
L 
M
3 (THS): 3.2 (1.1-7.4)pg/m
L 
M
6 (THS): 2.7 (0.5-8.1) pg/m
L 
[33] 
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S n = 769) 
12-19  (S n = 66, N
S n=824) 
20-59 (S n= 703, N
S n=2123) 














S (12-19 years):  60.5 (46.2-79) pg/ m
g 
cr 
S (20-59 years): 209 (171-256) pg/ m
g cr 
S (>60 years): 365 (328-405) pg/ m
g cr 
N































 (SD)  
SHS: 7.3 (2.5) pg/m
g cr   
[35] 
Adults: Sm
okers n = 69, SHS exposed n = 123, m








S: 1.9 (2.1) ng/m
g 






S: 26.6 (24.7) ng/m
g 
SHS: 3.6 (8.4) ng/m
g 
[36] 
Adults: n = 10, m
ean age: 24.6 years, 20%
 fem
ale 
Before exposure (BE) and after exposure (AE) during the 
w


















BE (SHS): 8.3 (6.9) ppm
 





okers n = 41, N
onsm
okers n = 76 
Daily S: Daily sm








okers n = 18 
N
E: N
ot exposed - N
onsm
oker n = 76 
 Children (C): n = 120, age: 6-11 years  
Low
 SHS: less than daily exposure to SHS n = 6 
High SHS: Daily exposure to SHS n = 6 
N
E: N







A (Daily S): 489.15 (127.78-1872.44) 
µg/L 
A (O
c. S): 34.50 (6.35-187.55) µg/L 
A (Form
er S): 2.58 (1.51-4-39) µg/L 
A (N
E): 1.41 (1.23-1.61) µg/L 
C (High SHS): 10.77 (3.27-35.45) µg/L  
C (Low
 SHS): 2.44 (1.26-4.71) µg/L 
C (N







A (Daily S): 0.36 (0.30-0.44) µg/L  
A (O
c. S): 0.22 (0.15-0.33) µg/L  
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PHES Projects  
(Czech Republic) 
A (Form
er S): 0.21 (0.16-0.28) µg/L 
A (N
E): 0.21 (0.18-0.25) µg/L 
C (High SHS): 0.180 (0.110-0.294) µg/L 
C (Low
 SHS): 0.061 (0.028-0.131) µg/L 
C (N
E): 0.110 (0.097-0.124) µg/L 
[38] 






















SHS: 1.07 µg/L 
[39] 
Adolescents: n = 338, m

















SHS: 0.38 (1.40) ng/m
g 
[40] 
Children: n = 25, m




























okers n = 90/105, SHS exposed n = 91/103, S 
m
edian age: 22 years, SHS m




Daily S: Daily sm




okers n = 73/85 
Before exposure (BE) and after exposure (AE) to w
aterpipe 
sm
oke in a w
































BE: 1770 (1001-2787) pm
ol/m
g cr 

















S: > 30 ng/ m
L  
Low
 SHS: 0.05-0.25 ng/m
L  





S: 80.9 (42.6-151.3) pg/m
L  
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SHS: 1.2 (0.5-3.2) pg/m
L  
[43] 
Adults and children: Sm




possible SHS exposure (N






















S: 1.63 (0.680-3.29) m
g/g cr 
N
S: 0.313 (0.231-0.451) m
g/g cr  
[44] 






















































SHS: 1.67 (1.33-2.33) ppm
 
 Abbreviations: 
A: Adults; C: Children; NE: N
onsm











okers exposed to SHS; THS: N
onsm
okers exposed to THS; AE: After exposure; Aft.: After sm
oking ban; BE: Before exposure; Bef.: Before sm
oking ban; 




etric standard deviation; IQ
R: Interquartile range; LO
D: Lim
it of detection; 
SD: Standard deviation; cr: Creatinine
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3.1  Abstract  
Thirdhand smoke (THS) is a new term given to the tobacco smoke particles 
and toxicants that remain on surfaces and in dust long after active smoking has 
ceased. A main characteristic of THS is the fact that it becomes increasingly 
toxic with age, reemitting back into the gas phase and/or reacting with 
environmental chemicals producing secondary toxicants, like carcinogens. THS 
remains in indoor environments long after smokers move out which makes it a 
serious public health concern. The aim of this study is the development of a 
high-throughput method to determine six tobacco specific toxicants in house 
dust, including nicotine, cotinine and four tobacco-specific nitrosamines. Two 
extraction approaches have been tested: a quick, easy, cheap, effective, rugged 
and safe (QuEChERS) extraction method and ultra-sound assisted solvent 
extraction. Different extraction solvents, solvent combinations, solvent ratios 
and clean-up sorbents were compared. The best performance was obtained 
with a QuEChERS based method, using basic water to hydrate the dust samples 
and acetonitrile as the extraction solvent, together with the European 
Committee for Standardization salt mixture followed by a clean-up step using a 
Z-sep+ sorbent. The extracts were analysed by liquid chromatography-tandem 
mass spectrometry in multiple reaction monitoring mode. The repeatability of 
all the method optimization stages was between 3-9%. To our knowledge, this 
is the first time that a QuEChERS method has been developed for the extraction 
of tobacco-specific nitrosamines and for the extraction of house dust. The 
developed method was used in smokers’ and non-smokers´ house dust samples 
from the Tarragona area. 
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3.2  Introduction   
Indoor dust is rising attention as a key environmental matrix to assess 
human exposure. Indoor dust particles act as a sink and a repository of both 
outdoor and indoor contaminants that could enter the human body through 
ingestion, skin absorption and in less extent, by inhalation of re-suspended 
particles 1. Therefore, indoor dust constitutes an important route of toxicant 
exposure, often overlooked, that especially affects young children, because of 
their hand-to-mouth behaviours and the fact that they spend over 90% of their 
time indoors 2. Characterization of the toxicants present in indoor dust are not 
only a measure of indoor and outdoor contamination, but also provides 
valuable information for the assessment of children indoor exposure 3. 
Recent studies revealed the ubiquitous presence of tobacco smoke 
toxicants in outdoor airborne particles and settled dust from cars and homes, 
including those with strict smoking bans 3–5. Secondhand smoke (SHS), 
considered carcinogen to humans by the International Agency for Research on 
Cancer (IARC 2004), is formed by a mixture of gases and particles from the 
burning of tobacco and the smoke exhaled by smokers ref. IARC. Exposure to 
SHS is estimated to be the cause of about 1.0% of worldwide mortality, 
approximately 600,000 deaths each year 6. However, the risks of tobacco 
exposure do not end when a cigarette is extinguished, as most SHS particles 
and toxicants that remain on surfaces and in dust long after active smoking has 
ceased forming the so-called thirdhand smoke (THS) 7. THS is a new term given 
to the tobacco smoke particles and toxicants that remain on surfaces and in 
dust long after active smoking has ceased. A main characteristic of THS is the 
fact that it becomes increasingly toxic with age, reemitting back into the gas 
phase and/or reacting with environmental chemicals producing secondary 
toxicants, like carcinogens7. Exposure to THS can occur through inhalation, 
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ingestion and dermal contact, making children with smoking parents the most 
vulnerable population to THS 8. 
The analysis of contaminants in dust requires the use of exhaustive 
extraction techniques due to the complexity of dust composition and the high 
adsorption capacity of dust particles. The most widely extraction techniques 
used in the analysis of dust are Soxhlet extraction, pressurized liquid extraction 
(PLE), pressurized solvent extraction (PSE), accelerated solvent extraction (ASE) 
and extraction assisted by sonication or mechanical agitation 9. As innovation 
the QuEChERS method has been recently applied in the analysis of urban dust 
10. 
For the characterization of indoor smokers’ environments, several studies 
have determined nicotine in house dust, using different methods like solid 
phase extraction (SPE) 11–13, sonication or mechanical agitation followed by a 
evaporation step 8,14–16. Liquid-liquid extraction followed by sonication and PLE 
have been successfully applied for the simultaneous determination of nicotine 
and TSNAs in dust 17,18. However, PLE is a high time and solvent consuming 
method and the temperature applied can lead to degradation of TSNAs since 
they are thermally unstable. For the determination of nicotine, cotinine and 
TSNAs the most common analytical technique used is gas chromatography (GC) 
17. GC has been coupled with different detectors such as, mass spectrometry 
(MS) 14, especially ion trap MSMS 19; thermal energy analysis 20; and nitrogen 
chemiluminescence detector (NCD) 21. Comprehensive gas chromatography 
(GC×GC) has also been used in combination with NCD 17. Whereas GC is usually 
the preferred method for determining nicotine, liquid chromatography (LC) 
coupled to tandem mass spectrometry is commonly used for the analysis of 
TSNAs. 11–13,22–24.  
UNIVERSITAT ROVIRA I VIRGILI 
ADVANCES ON THIRDHAND SMOKE USING TARGETED AND UNTARGETED APPROACHES 
Sònia Torres Gené 
 138 
Hence, the main objective of this study is to develop a quick, efficient and 
robust analytical method for determining specific THS toxicants in dust 
samples. The selected toxicants are nicotine —the most abundant compound 
emitted during smoking 25—, cotinine — the predominant nicotine 
metabolite—, the two carcinogenic TSNAs — N′-nitrosonornicotine (NNN),  4-
(methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK) —, 4-
(methylnitrosoamino)-1-(3-pyridyl)-1-butanol (NNAL) —the main NNK 
degradation product—, and 4-(methylnitrosamino)-4-(3-pyridyl)-butanal (NNA), 
which has been proposed as specific marker for THS formation 25. We have 
compared two different extraction procedures: QuEChERS and sonication and 
the performance of several variables such as extraction solvent, pH and solvent 
ratio have been tested. We have also studied the adequacy of a clean-up step 
prior to analysis based on dispersive solid phase extraction and the efficiency of 
different types and sorbent ratio. The applicability of the method has been 
tested by the analysis of a subset of indoor dust samples from smokers’ and 
from non-smokers homes. 
 
3.3  Experimental  
3.3.1 Reagents and standards 
The individual standards of nicotine and cotinine and their internal 
standards were supplied by Sigma Aldrich (St. Louis, USA). The rest of the 
standards were supplied by Toronto Research Chemicals (North York, Canada), 
including the four target TSNAs N-nitrosonornicotine (NNN), 4-
(methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK), 4-(methylnitrosamino)-
4-(3-pyridyl)-butanal (NNA) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol 
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(NNAL) and the internal standards nicotine-d3, cotinine-d3, 5-(1-Nitroso-2-
pyrrolidinyl)pyridine-2,3,4,6-d4 (NNN-d4), 4-[(methyl-d3)nitrosoamino]-1-(3-
pyridyl)-1-butanone (NNK), 4-[(methyl-d3)nitrosamino]-4-(3-pyridyl)butanal 
(NNA-d3) and 4-(methyl-d3-nitrosamino)-1-(3-pyridyl)-1-butanol (NNAL-d3). 
The main physicochemical characteristics of the target compounds as well as 
the concentration range in which these compounds have been previously found 
in dust are listed in Table 1. 
The European Committee for Standardization (CEN) extraction salts were 
from Scharlab, (Sentmenat, Spain). All solvents tested were LC-MS grade, 
including acetonitrile (from Scharlab), isopropanol, methanol and ethyl acetate 
(supplied by ChemLab, Zedelgem, Belgium). We tested performance of 
different clean-up sorbents including primary/secondary amines (PSA, supplied 
by Agilent), C18, graphitized carbon black (GCB) and Z-sep+ (from Sigma 
Aldrich).   
The concentrated standard solutions of the target compounds were 
prepared in methanol and stored in small aliquots at -80°C. The diluted 
mixtures were daily prepared in the different tested solvents.  
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Table 1. Chemical structures, molecular weight (MW), acid strength (pKa), partition coefficient 
(logP) and concentration ranges in smokers’ and non-smokers’ house dust of each compound of 
interest. Concentration ranges correspond to median/geometric mean values collected in 26. 
*Minimum and median values from 3. 
 
Compound Chemical Name 
pKa a  
(strongest 
basic) 
log Kow b 










8.6 0.87 7x103-26x103 510-2.3103  
Cotinine              
1-methyl-5-(pyridin-3-
yl)pyrrolidin-2-one 
4.8 0.39 430-460 26-54 









- 0.04 0.46 - 0.6 <0. 45 
NNAL                        4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol 4.7 0.48 n.d-460* n.d-30* 
a Predicted with ChemAxon, HMDB 
b Predicted median [CompTox database] 
 
3.3.2 Sample collection and pretreatment  
Indoor house dust was collected from non-smokers’ and smokers’ private 
homes in the area of Tarragona (north-eastern Spain), using vacuum cleaners in 
regular use in households. In this study we considered smokers' homes, those 
in which at least one of the regular occupants was a conventional tobacco 
smoker, even if they only smoke outside the home (i.e. balcony or terrace). 
Non-smoking homes were those where residents have never smoked or who 
have quit smoking at least one year before sampling, and in which no visitor 
has smoked in the last 30 days. The collected dust was sieved using a stainless-
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steel sieve with a 100 µm mesh size and stored at -20°C in pre-weighted amber 
glass vials. 
Method optimization and validation was performed using a pool of non-
smokers’ house dust from suburban areas (likely less polluted with THS 
toxicants)3. Spiked samples were prepared by adding different volumes of 
standard solution of the target compounds and the internal standards in 
acetone, adding enough volume to soak the dust. The mixtures were 
homogenized and kept in a cupboard funnel at room temperature until the 
complete evaporation of the solvent. The dried spiked dust samples were 
stored at -20°C in pre-weighted amber glass vials and extracted within 2 days.. 
3.3.3 Extraction 
Indoor dust samples were extracted using a QhEChERS extraction method. 
Under the optimized conditions, we placed 300 mg of dust sample, spiked with 
a mixture of the labelled surrogate standards at a concentration of 0.5 Pg g-1, 
into 15 mL centrifuge tubes and added 665 mL of KOH 0.1 M in ultrapure water. 
After shaking the tube vigorously for 1 min, we added 2 mL of ACN followed by 
0.5 g of the European Committee for Standardization (CEN) extraction method 
salt mixture 27, which consisted of 307 mg of anhydrous magnesium sulphate, 
77 mg of sodium chloride, 38 mg of sodium citrate dibasic sesquihydrate and 77 
mg of sodium citrate tribasic dihydrate. We vigorously shook the sample tube 
followed by vortex mixing for 1 min and further centrifugation at 4°C and 4000 
rpm for 5 min. We transfered a 1.6 mL aliquot of the supernatant phase (ACN 
layer) to a 2 mL tube containing 50 mg of clean-up sorbent mixture (42.9 mg 
MgSO4 and 7.1 mg Supel Que Z-sep+). The tube was next vortex mixed for 1 min 
and centrifuged under the above described conditions. A 1.4 mL aliquot of the 
supernatant phase was filtered with a 0.22 Pm Nylon syringe filter into a 2 mL 
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amber glass autosampler vial, ready to be analysed by UPLC-MS/MS. 
Efficiency of the QuEChERS extraction was tested using different organic 
solvents (including acetonitrile, isopropanol, ethyl acetate and methanol and 
mixtures of them), solvent ratio, pH and different clean-up sorbents (including 
PSA, C18, GCB and Supel Que Z-sep+). We also compared the performance of the 
QuEChERS extraction against ultrasound-assisted extraction (sonication for 15 
min at room temperature) using ACN and MeOH. Discussion of these tests can 
be found in section 3.4.2. 
3.3.4 UHPLC-MS/MS analysis  
Determination of the target compounds was performed by the direct 
injection of 1 µL of the dust extracts on the chromatographic system, consisting 
on a UHPLC 1290 Infinity II Series instrument coupled to a 6490 iFunnel triple 
quadrupole mass spectrometer, both from Agilent (Agilent Technologies, Sta. 
Clara, CA, USA). Chromatographic separation was achieved on a Kinetex® EVO 
C18 column (100×21mm i.d., 1.7 µm particle size, 100 Å pore size), kept at 30°C, 
at a flow of 0.45 mL min-1. The mobile phase consisted on 0.1 mM of 
ammonium acetate in ultrapure water (solvent A) and methanol with 0.1% of 
formic acid (solvent B). The solvent gradient was programmed as follows: 
initially 1% of solvent B changed to 100% of solvent B in 8 min, kept at 100% of 
solvent B for 2 min, returned to the initial conditions in 1 min and kept for 5 
min to allow column re-equilibration.  
The targeted compounds were ionized in an electrospray source in positive 
mode (ESI +). The mass spectrometer was operated at a nitrogen gas flow of 14 
L min-1, gas temperature at 240 °C, ion spray voltage at 3,500 V, and nebulizer 
gas pressure at 50 psi. The product ion spectra of the target compounds were 
measured in multiple reaction monitoring (MRM) scan mode at scan range of 
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m/z 40-400 and fragmentor voltage of 380 V. Identification of the target 
compounds was performed using one quantifier transition and one qualifier 
transition. Collision energy for each transition was selected using the Mass 
Hunter Optimizer Software (Agilent Technologies, Sta. Clara, USA). Compounds 
were quantified by internal calibration.   
 
3.4  Results and discussion  
3.4.1 UHPLC-MS/MS 
In this study, we have tested different mobile phases, being the 
combination of ammonium acetate and formic acid the one that provided a 
better peak shape and resolution of the target compounds in less than 4 min. 
Since the samples were dissolved in acetonitrile, we tested acetonitrile 
with 0.1% of formic acid as solvent B and kept the same solvent A. It was 
observed that methanol provided better compound separation and peak 
intensities for nicotine, cotinine, NNAL, NNN, NNA and NNK were 53%, 12%, 
10%, 40%, 92% and 40% were higher when using methanol, hence it was 
chosen as the organic solvent for the mobile phase.   
MS/MS parameters were optimized by the consecutive injection of 1 μL of 
the individual standards at 1 mg L-1 of a mixture of the standards in a mobile 
phase composition of 30:70 of solvent A and B. The best parameters for each 
transition are described in section 3.3.3. For most of the target compounds the 
precursor ion with higher abundance was the molecular protonated ion [M-H]+ 
except for NNA and its labelled standard (NNA-d3), which the most abundant 
precursor ion was [M+40]+, probably corresponding to the formation of the 
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[M+CH3OH+H]+ adduct. The collision energies (0-50 eV) for the fragmentation 
of the precursor ions of these compounds were also automatically optimized. 
The chosen collision energies showed partially fragmented precursor ions and 
larger product ions the MRM conditions for all compounds are listed in Table 2. 
Table 2. Target compounds in elution order, their retention time (tR) expressed in min, precursor 
ion, quantitative* and qualitative product ions, and each collision energy used for compound 
quantification in dust samples.  
Compound tR (min) Precursor Ion (m/z) Product Ion*(m/z), CE (eV) Product Ion (m/z), CE (eV) 
Nicotine 1.96 163 132 (5) 84 (5) 
Nicotine-d3 1.97 166 130 (20) 87 (20) 
NNAL 2.88 210 93 (10) 180 (5) 
NNAL-d3 2.88 213 183 (5) 93 (10) 
Cotinine 2.93 177 80 (5) 98 (5) 
Cotinine-d3 2.92 180 101 (20) 80 (25) 
NNN 3.11 178 148 (5) 120 (10) 
NNN-d4 3.12 182 152 (8) 124 (8) 
NNA 3.26 240 106 (10) 179 (5) 
NNA-d3 3.25 243 106 (8) 179 (5) 
NNK 3.57 208 122 (5) 106 (10) 
NNK-d4 3.57 212 126 (8) 83 (52) 
 
3.4.2 Indoor dust extraction 
3.4.2.1 Extraction technique and solvent selection   
Initial experiments were carried out to select extraction technique and 
solvent. For the QuEChERS extraction, we choose the CEN salt mixture for the 
salting-out step as it has been successfully used in environmental matrices and 
it has demonstrated less interferences when a further PSA clean-up is required, 
compared to the AOAC Method 28. The initial QuEChERS extraction conditions 
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were adapted from the official CEN method 27, using 2 mL of water to hydrate 
the dust prior to the addition of 2 mL of the tested organic solvent. 
Despite acetonitrile is the ultimate extraction solvent used in the regular 
methodology, several solvents were tested in the present study in order to 
compare their extraction efficiencies, including isopropanol, acetonitrile, 
acetonitrile: ethyl acetate 80:20 (v/v), acetonitrile: methanol 80:20 (v/v) and 
methanol: H2O 90:10 (v/v). Acetonitrile and methanol were the solvents used 
to test the performance of sonication. A matrix-matched calibration curve was 
used to calculate absolute recoveries. Specifically, in LC-MS, ion 
suppression/enhancement effects due to matrix can significantly reduce or 
enhance the analyte response 29, hence the matrix matching approach was 
used. In order to obtain a matrix-matched calibration curve, non-spiked 
samples were extracted following the established procedure and spiked at 
different concentrations (from 0.2 to 0.6 Pg/mL) before the filtering step and 
following analysis. The coefficient of determination (R2) for all matrix-matched 
calibration curves was higher than 0.991 for all compounds. The obtained 
recoveries were absolute recoveries because they do not take into account the 
differences caused by the matrix effect, only the extraction yield. The absolute 
recoveries obtained with the different extraction solvents and methods are 
shown in Figure 2. 
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Figure 2. Absolute recoveries (expressed in %) and their relative standard deviation (%RSD, in 
error bars) obtained with different extraction solvents for the QuEChERS extraction and the 
ultrasound-assisted extraction methods, using a matrix-matched calibration curve. 
 
Acetonitrile was the first solvent tested, as it is the most commonly used 
extraction solvent for a QuEChERS extraction method 17. The obtained 
recoveries ranged between 67 and 75% for cotinine and the TSNAs, but were 
around 25% for nicotine, which was considered too low. A more polar solvent 
than acetonitrile, isopropanol was next tested in order to improve the nicotine 
recovery. The recovery for nicotine was 47% and the rest ranged between 42-
61%. Several combinations of acetonitrile with ethyl acetate and methanol 
were separately tested. The combination with a less polar solvent than 
acetonitrile, ethyl acetate, resulted in lower recoveries (between 19 and 61%) 
compared to the combination with a more polar solvent than acetonitrile, 
methanol (recoveries ranged between 38-55%). In order to improve the 
nicotine recovery, a mixture of methanol and H2O (90:10 v/v) was also tested as 
organic solvent as a previous study showed it was the best solvent to extract 
red beetroot betalains 30. Although that study was considered a QuEChERS 
extraction, no salting-out effect occurred and only one mixed phase was 
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obtained after the addition of the extraction salts. Nevertheless, nicotine 
recoveries were the highest (72%) and the recoveries of the rest of the target 
compounds ranged between 51-72%. These higher recoveries are 
understandable because no compounds were lost as they were all present in 
the mixed phase. However, peak areas were between 10-20% smaller 
compared to those obtained with the previously mentioned extraction 
solvents, concluding that the methanol/water mixture induced to a higher 
matrix effect. Recoveries of sonication tests were between 36-55% when using 
acetonitrile and between 36-66% with methanol.  
Even though a low nicotine recovery (25%) was obtained with acetonitrile 
as the QuEChERS extraction solvent, the recoveries for cotinine and TSNAs 
were the best ones out of all the solvents tested so far. Moreover, nicotine is 
the major compound present in dust samples, found always at higher 
concentrations than cotinine and TSNAs (as shown in Table 1). Taking this into 
consideration, a solvent with high recoveries for cotinine and TSNAs was 
prioritized.  
In order to enhance nicotine recovery a pH modification was tested. As 
seen in Table 4, recoveries for acetonitrile with 0.1% of acetic acid were 
generally lower (between 19% and 75%) than the ones obtained with 
acetonitrile (between 25% and 74%). All of these compounds of interest are 
protonated in an acidic solution and some of them will mainly stay in the 
aqueous phase, and therefore discarded. Conversely, a basic solution has the 
opposite effect, in which the compounds of interest will remain in the organic 
phase, which is the relevant phase that is kept. This phenomenon is reflected in 
the obtained recoveries. The recovery of nicotine and cotinine obtained with 
the acidified solution ranged from 19-28% versus the 60-70% obtained with the 
basified solution (0.1M KOH). 
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Figure 3. Absolute recoveries (expressed in %) and their relative standard deviation (%RSD, in 
error bars) obtained in the pH modification tests for the QuEChERS extraction method, using a 
matrix-matched calibration curve.  
 
Considering all the results, acetonitrile with 0.1M KOH aqueous solution 
was selected for subsequent optimization steps. Even though TSNAs recoveries 
were between 1-8% lower than those obtained in neutral conditions, the 
nicotine recovery was 50% higher. RSDs ranged between 2-14% for all the 
solvent tests, showing a great repeatability.  
Extraction time, centrifugation time, speed and the type of extraction salts 
were not optimized any further because their optimization was considered to 
be well established by already published literature 28,31. 
 
3.4.2.2 Solvent ratio   
The QuEChERS method is usually applied to samples with a high water 
content (for example, fruit and vegetables) but it can be applied to dried 
samples if the sample weight is reduced and water is added up to the sample 
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weight proposed by the official methods 27,32. 300 mg of dust (spiked at 5 Pg/g 
for nicotine and 1 Pg/g for cotinine and the TSNAs) was weighed into a 15 mL 
centrifuge tube and 2 mL of 0.1M KOH aqueous solution was added prior to the 
extraction procedure. Moreover, in order to optimize the solvent ratio, 2 mL, 1 
mL and 0.6 mL of KOH aqueous solution were added to different samples. The 
volume of acetonitrile was fixed at 2 mL, in order to be able to compare the 
solvent ratio optimization results with the extraction solvent optimization 
results.  
Matrix-matched calibration curves was used to calculate these absolute 
recoveries. As nicotine is always found at higher concentrations in dust samples 
compared to cotinine and TSNAs, the matrix-matched calibration curve was 
prepared from 0.3 to 0.6 Pg/mL for nicotine and from 0.05 to 0.5 Pg/mL for 
cotinine and TSNAs. Coefficients of determination (r2) were higher than 0.994 
for all compounds. Figure 3 shows the absolute recoveries obtained with the 




Figure 4. Absolute recoveries (%) with their relative standard deviation (%RSD, in error bars) 
obtained with different solvent ratios for the salting-out liquid-liquid extraction, using a matrix-
matched calibration curve. 
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The best cotinine and TSNAs recoveries were obtained with 2 mL of ACN 
and 0.665 mL of 0.1M KOH aqueous solution (3:1 ratio), ranging between 76-
93%. Even though the best nicotine recovery was obtained using a 1:1 ratio 
(recovery of 63%) versus the 50% recovery obtained with the 3:1 ratio, this last 
approach was selected for subsequent optimization steps. All RSDs ranged 
between 7-14%, showing a good repeatability.  
 
3.4.2.3 dSPE sorbent selection   
A sample clean-up step was next optimized in order to reduce matrix 
interferences. The QuEChERS extraction was combined with a dSPE to remove 
matrix constituents. Several bulk sorbents were tested, combined with 
anhydrous MgSO4. They were added to the 1.6 mL aliquots from the organic 
layer obtained after the salting-out liquid-liquid extraction.  
To date, the most common dSPE sorbents used in QuEChERS have been 
primary-secondary amine (PSA) for the removal of acids, polar pigments and 
sugars, graphitized carbon black (GCB) for the removal of color pigments and 
C18 for the removal of lipid and non-polar components. More recently, a Z-sep+ 
dSPE sorbent has been commercialized. This sorbent is based on the interaction 
of fats by a Lewis acid-base mechanism with a zirconium (Zr) atom attached to 
silica solid particle 33. In a previous study in which nicotine and N-nitrosamines 
were extracted from house dust by a pressurized liquid extraction method, 
diatomaceous earth, florisil, C18, silica and alumina were tested. Florisil was in 
general the most retentive sorbent, C18 did not lead to any significant reduction 
of interferences and silica was chosen as the clean-up sorbent as it was the 
least retentive one 17. Taking this into account, PSA/MgSO4, z-sep+/MgSO4, 
GCB/MgSO4 and C18/MgSO4 were tested as dSPE strategies for reducing the 
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matrix.  
A standard calibration curve of the target compounds prepared in 
acetonitrile was used to calculate the recoveries obtained in the dSPE 
optimization. A series of standards across a range of concentrations near the 
expected concentration of the analytes were prepared. The calibration curve 
was prepared from 0.01 to 0.6 Pg mL-1 for nicotine and from 0.002 to 0.15 
Pg/mL for cotinine and TSNAs. The R2 was higher than 0.993 for all compounds.  
Table 5 shows the apparent recoveries obtained with the different 





Figure 5. Apparent recoveries (%) with their relative standard deviation (%RSD, in error bars) 
obtained with different solvent ratios for the salting-out liquid-liquid extraction, using a matrix-
matched calibration curve. 
 
For each dSPE test, 14% of sorbent and 86% of MgSO4 was added. These 
proportions correspond to the commercially available dSPE kits, which are 
UNIVERSITAT ROVIRA I VIRGILI 
ADVANCES ON THIRDHAND SMOKE USING TARGETED AND UNTARGETED APPROACHES 
Sònia Torres Gené 
 152 
widely used 28. The least retentive sorbents were PSA and z-sep+ (14:86). The 
main difference between them was the recovery of NNA (99% with PSA and 
148% for z-sep+). Using the rest of the sorbents, the recovery for NNA was over 
100%, showing how, in this case, the matrix effect increases the signal (signal 
enhancement). Z-sep+ was the selected sorbent hereafter. A larger proportion 
of z-sep+ (25%) was tested in order to find out if the recoveries improved. The 
recovery for nicotine decreased (37%) compared to the recovery of 48% 
obtained with a smaller proportion of z-sep+ (14%). The recoveries for cotinine 
and TSNAs decreased slightly (between 2-15% lower) proving how this increase 
in the amount of z-sep+ induced the retention of the compounds. All RSDs 
ranged between 2-14%, showing a great repeatability. On the basis of these 
results, z-sep+:MgSO4 (14:86) was the chosen sorbent for the dSPE stage.  
Method validation was performed using a calibration curve prepared in 
acetonitrile using internal standards (IS). The IS were isotopically labelled 
nicotine-d3, cotinine-d3, NNAL-d3, NNN-d4, NNA-d3 and NNK-d4. Both the matrix-
matched calibration and the IS calibration were optimum. However, using 
matrix-matched calibration curves entails having to create a new calibration 
curve for every type of matrix. Applied to this study, different matrix-matched 
calibration curves would have to be created for dust collected from rural areas, 
urban areas, different geographical areas, cars, etc. Therefore, as IS were 
available for those compounds, external calibration was chosen for the 
quantification method.  
 
3.5  Method validaiton   
In order to validate the method, we calculated the linear range, the limits 
of quantification and detection, recovery, repeatability (intra-day) and 
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reproducibility (day-to-day) by applying the developed method and analysing 5 
non-spiked and 5 spiked samples at 100 ng mL-1 for nicotine and cotinine and at 
10 ng mL-1 for the four TSNAs, the results are displayed in Table 3.  
Linear range was evaluated by constructing calibration curves in a range of 
different concentrations (10 calibration points) from 3 ng mL-1 to 0.05 ng mL-1 
for nicotine, 0.015 ng mL-1 to 0.05 ng mL-1  for cotinine and for the case of 
TSNAs the lower point of calibration curve corresponded a concentration of 
0.015 ng mL-1 for NNAL and NNK, 0.05 ng mL-1  for NNN and 0.1 ng mL-1 for 
NNA, and the last point of the calibration curve was 1000 ng mL-1 for all the 
TSNAs. Internal standard was spiked at 50 ng mL-1. The linear range was good 
for all the target compounds with coefficient of determination (r2) values higher 
than 0.997.  
Repeatability and reproducibility expressed as % Relative Standard 
Deviation (%RSD) were also calculated using the spiked samples. As can be seen 
in Table 3, repeatability and reproducibility were below 9%. Recoveries were 
higher than 74%, except for NNA (55%). Recoveries were comparable to those 
obtained using more time and solvent consuming analytical methods 17. 
The LODs of those compounds that were present in the non-spiked samples 
(nicotine and cotinine), were calculated using the standard deviation of 5 non-
spiked samples extracted and analysed following the developed method. LODs 
was the concentration of three times the sd and LOQs of ten times the sd. For 
those compounds not present in the non-spiked samples LODs were 
established as the concentrations corresponding to a signal/noise ratio of 3 and 
LOQs were defined as the lowest point of the calibration curve. Thus, 
instrumental LODs ranged between 5 to 15 pg ml-1 and LOQs between 15 to 
100 pg ml-1. Method detection limits (MDLs) ranged between 0.03 - 0.40 ng g-1 
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dust and 0.11 - 2.66 ng g-1 dust respectively being cotinine the compound with 
better performance and NNA the compound with higher values due to its peak 
shape. NNA is the most polar compound in the mixture making its extraction 
and analysis with LC-MS more difficult than the others. However, the results in 
this study show that either the extraction and chromatographic analysis are 
consistent and reproducible.  Other authors converse NNA to its pentafluoro 
phenylhydrazone derivative to have a satisfactory LC-MS/MS performance 18.  
The limits of quantification obtained in this work are two orders of 
magnitude lower when comparing nicotine quantification with a frequently 
used method where the LOQ was 10 ng g-1 13. Comparing with a method 
developed for the simultaneous quantification of nicotine and TSNAs, LOD was 
higher 15.6 ng g-1 compared to ours 0.2 ng g-1 for nicotine quantification. TSNAs 
presented LODs between 2.5-15 ng g-1 which is also higher than the range 
presented here 0.12-2.66 ng g-1 17. 
Table 3. Method parameters: method detection limit (MDL) and method quantification limit 
(MQL), expressed in ngg−1. Recoveries, repeatability and reproducibility of pooled spiked house 
dust samples spiked at 100ng/mL of nicotine and cotinine and 10ng/mL of the four TSNAs, 
method detection limit (MDL) and method quantification limit (MQL), expressed in ngg−1 




(%RSD, n=5)   






Nicotine 0.06 0.21 90 89 6.7 8.6 
NNAL 0.3 0.92 95 92 2.6 6.9 
Cotinine 0.04 0.12 98 94 5.7 7.2 
NNN 0.17 0.56 89 85 5.1 8.0 
NNK 0.08 0.24 92 88 3.4 5.6 
NNA 0.26 0.86 75 74 9.1 10.2 
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3.6  Application to indoor samples   
The optimized method was applied for the determination of nicotine, 
cotinine and the four TSNAs in settled dust samples from 20 homes, 10 of them 
from smokers’ and 10 of them from non-smokers’ homes. Prior to extraction, 
the sieved house dust samples were spiked with the internal standard mixture 
at a concentration of 0.5 µg g-1 and were extracted using the developed 
QuEChERS method. The presence of the compounds detected was confirmed 
with the quantification and qualitative transition (Table 2) and the matching of 
the internal standard retention times. A chromatogram of a standard mixture 
at 0.3 ng mL-1 of nicotine and 0.075 ng mL-1 of cotinine and TSNAs of the 
calibration curve used for the quantification is presented in Figure 6 shows the 
extracted ion chromatogram of the two transitions for each compound in a 
smokers’ dust extract. 
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Figure 6. a) Extracted chromatogram of the quantitative and qualitative transitions of the 
targeted compounds in a calibration standard prepared in acetonitrile at 0.35 µg·mL-1 of nicotine 
and cotinine and 2·10-4 µg·mL-1 of NNAL, NNN, NNA and NNK, in a smokers’ dust extract (Smoker 
2, table 7) and in a non-smokers’ dust extract (Non-Smoker4, table 7).  
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A summary of the concentrations of the 6 target compounds and their 
occurrence in the samples is presented in Table 4. As expected, compound 
concentrations in house dust were higher in smokers’ homes than in the non-
smokers’ ones. Nicotine concentration is a thousand-fold higher in smokers’ 
samples. Nicotine concentration found in this study agree with concentration 
ranges found in a previous study performed in the same area 3 and in studies 
performed in other countries 11–13. 
NNK and NNN were found in all the smokers’ samples and in the 80% and 
60% of the non-smoker’s samples respectively. NNAL and NNA were not 
detected in non-smokers’ samples and only quantified in the 60% and 20% of 
the smoker’s samples, respectively. Concentration of NNK and NNN are 
approximately 6 times higher in smokers’ dust in both cases. Our results for 
NNK and NNN are also in agreement with previous studies performed in the US 
11,18, this validating the capability of the developed method to determining 
tobacco-specific toxicants in dust samples.  
Table 4. Mean, median minimum and maximum concentration in ng/g of dust, of Nicotine, 
Cotinine and the four TSNAs found in 10 smokers’ and 10 non-smokers’ dust samples. (n.d: values 
under the limit of detection; n.q: values under the limit of quantification)  
  Smokers Non-Smokers 
Compound  Mean Median Min Max Mean Median Min Max 
Nicotine 9.6x104 3.0x104 8.7x103 4.7x105 3.0x103 2.7x103 7.6x102 5.5x103 
Cotinine 8.1x103 4.8x103 2.2x103 3.1x104 2.1x103 1.9x103 1.8x103 3.3x103 
NNK 25.1 7.1 0.2 175.9 4 2.4 0.4 11.6 
NNN 15.2 5.3 0.9 77.7 2.4 1.6 0.6 6.9 
NNAL 2.7 2 0.4 5.8 n.d n.d n.d n.q 
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3.7  Conclusions   
An efficient method based on a QuECHERS extraction followed by LC-MS 
for simultaneously determining nicotine, cotinine and four TSNAs in smokers 
and non-smokers house dust was developed. To the best of our knowledge this 
is the first time that the QuEChERS extraction method has been applied for the 
determination of these compounds in dust.  
The method consisted on a salting-out liquid-liquid extraction using 
acetonitrile and a 0.1M KOH aqueous solution (3:1 ratio). Acetonitrile enhanced 
the extraction of the TSNAs and the basic solution improved nicotine’s 
recovery. The second stage of the method consisted of a dSPE with z-sep+: 
MgSO4 (14:86 ratio) as the chosen sorbent. The recoveries of the developed 
method were between 54,9-92.8%. The repeatability (intra-day) and 
reproducibility (day-to-day) of the method was less than 9.2% and 8.6% 
(%RSD,n=5) respectively. Limits of detection and quantification were between 
0.03 - 0.40 ng/g and 0.11 - 2.66 ng/g respectively. Recoveries are comparable to 
those obtained using more time and solvent consuming analytical methods. 
Moreover, the limits of detection and quantification obtained in this work are 
lower, indicating that this method is more sensitive.   
The reliability of the method was demonstrated through the determination 
of the compounds in smoking and non-smoking dust samples. All compounds 
were determined in smoker’s homes. Nicotine was 1000 times higher in 
smokers’ homes than in non-smokers. Surprisingly cotinine was the compound 
with the concertation more similar between groups, only 3 times higher in 
smokers’ homes. The carcinogenic compounds NNK and NNN were found in the 
80 and 60% of the non-smoker’s samples with a concentration 6 times lower 
than smokers in both cases, demonstrating that non-smokers are exposed to 
carcinogenic compounds not in such a different way than smokers. This also 
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demonstrates that THS contamination due to the ubiquitous presence of 
nicotine in the environmental air affects not only smokers but also non- 
smokers. 
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4.1  Abstract  
Thirdhand smoke (THS) is a novel pathway of exposure to tobacco smoke 
toxicants that consists on the deposit and ageing of secondhand smoke (SHS) 
gases and particles in dust and surfaces. In contrast SHS, which generally 
contains more volatile components, THS is of particular interest as it is the less 
volatile portion of cigarette smoke that remains in upholstery, carpets, clothes 
and airborne particles and has been associated with a higher health risk. 
Current chemical characterization of THS is limited to the targeted 
determination of specific compounds and compound families, representing 
only a small part of THS complexity. Here, we present the combination of target 
and non-target methods to enhance the chemical characterization of THS 
toxicants in 75 house dust samples from smokers’ and non-smokers’ homes. 
We selected six tobacco-specific toxicants, including nicotine, the main marker 
of tobacco, and carcinogen tobacco-specific nitrosamines, for targeted analysis 
by ultra high-resolution liquid chromatography (UPLC) tandem mass 
spectrometry. Non-targeted screening of the dust extracts was carried out by 
UPLC coupled to high-resolution mass spectrometry (HR-MS). For the 
interpretation of non-target screening data, we applied a combination of 
suspect screening for documented THS components and metabolomics-style 
non-target identification to identify masses with significant difference between 
the sample groups, followed by annotation using the in silico fragmenter 
MetFrag coupled to the CompTox Chemicals Dashboard and PubChem. 
Althoguh this work is still in progress, preliminary results show that the novel 
annotation strategy presented here and validated with the targeted results 
would imply a giant step forward, not only on THS chemical characterization, 
but also in exposure science. 
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4.2  Introduction 
Thirdhand smoke (THS) is a novel way of exposure to tobacco toxicants 
formed by the accumulation of tobacco smoke compounds and particles that 
remain in the environment and deposit on surfaces for long periods of time 1. 
The aging and the ability of these compounds to react with environmental 
gases to form secondary pollutants make THS a different way of exposure to 
tobacco contaminants that has been poorly studied to date. Thirdhand smoke 
is rarely considered as a route of tobacco smoke exposure, and the population 
is not commonly aware that THS entails a risk of exposure to carcinogenic 
contaminants, even  in non-smoking environments 2. Authorities treat tobacco 
smoke as a contaminant occurring only on places where people are actually 
smoking. Nevertheless, tobacco smoke toxicants are present in outdoor and 
indoor environments and, therefore, they must be considered ubiquitous 
environmental contaminants. In fact, nicotine and tobacco-specific 
nitrosamines (TSNAs) have been found in outdoor airborne particles of several 
cities including London 3, eight big cities in Italy 4 and San Francisco 5. This 
ubiquitous presence of tobacco related compounds is a source of pollution 
often overlook that not only affects smokers’ homes but non-smokers 6. A 
previous study revealed the ubiquitous presence of nicotine and TSNAs in 
house dust, even in homes with strict non-smoking bans. The same study 
indicated that the estimated lifetime cancer risk through non-dietary exposure 
to carcinogenic TSNAs and volatile N-nitrosamines bound to dust particles at an 
early life stage (1 to 6 years old) exceeded the upper-bound risk recommended 
by the US EPA in 77% of smokers' and 64% of non-smokers' homes 6. These 
results highlighted the potentially severe long-term consequences of early life 
THS exposure, and presented strong evidence of its potential health risk. 
Several studies have already documented the occurrence of dozens of toxicants 
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in THS 6–10. Considering that SHS is formed by thousands of chemical 
compounds, the toxicants characterized to date in THS can only explain a small 
part of the potential risks associated to the exposure to THS. 
Non-target screening (NTS) analytical approaches in combination high 
resolution mass spectrometry (HRMS) are arising as key methodologies for the 
characterization of the chemical complexity of the environmental matrices in 
the era of the exposome. HRMS allows the identification of a broad range of 
toxicants, and unknowns 11, and it has been applied for the NTS of a diversity of 
environmental samples 12. Regarding the chemical characterization of dust, few 
studies have been performed using LC-HRMS 13,14, although a collaborative trial 
in non-target screening was performed by 26 different organisations worldwide 
by using GC-MS and LC-MS  15. Typically, in environmental studies, the same 
kind of samples are analyzed in order to find common peaks, fragments and 
masses to help with the identification. In contrast in other fields such as 
metabolomics the case/control approach applied to different sampkle groups is 
frequently used. Therefore, applying different strategies in the experimental 
design and data analysis curation could enhance the identification of the 
relevant compounds in environmental studies.  
The aim of this study is to advance on the characterization of THS 
contamination in household dust, by combing targeted and untargeted 
approaches and the development of a new methodology for conducting NTS 
studies with case/control approaches using HR-MS. To this end, we combined 
highly developed techniques used in NTS with an advanced annotation 
workflow. Dust samples of smokers and non-smokers homes in the area of 
Tarragona were analyzed for the screening of new THS toxicants in dust by 
using HRMS. Samples were also analyzed with a target approach for the 
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quantification of nicotine, cotinine and four TSNAs including NNK, NNN, NNAL 
and NNA. 
 
4.3  Materials and Methods 
4.3.1 Sample collection and preparation  
Sample collection was carried out between January to October 2017 in the 
area of Tarragona (north-eastern Spain). We collected a total of 75 dust 
samples from private homes using conventional vacuum cleaners in regular use 
in households, including 42 and 33 samples from non-smokers’ and smokers’ 
homes, respectively. In this study we considered smokers’ homes those with at 
least one adult resident that smokes conventional tobacco products every day, 
and at least 10 cigarettes per week during the last three months. Smokers have 
lived in their current home at least 5 days per week during the past year. We 
classified as non-smokers’ homes whose residents are non-smokers or have 
quit smoking at least one year prior to sample collection and where anybody 
has smoked in the past 30 days (including visitors). 
Dust samples were delivered by the households in hermetic plastic bags 
provided by the researchers. The collected dust was sieved using a stainless-
steel sieve with a 100 µm mesh size and stored at -20°C in pre-weighted amber 
glass. Participants were requested to sign an informed consent and complete a 
questionnaire to collect information about the house and any activity that 
might affect chemical loading (Supplementary Information, Section 4.5). This 
study has been approved by the ethic committee of the clinical Research 
Hospital Sant Joan of Reus, in Catalonia, Spain (Ref. approbation: 15-05-
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28/5proj4). Relevant information about the participants for this study is shown 
in Table 1.  
 
Table 1. Summary of the characteristics of the homes and the participants included in this study. 
 
 
Characteristics Smokers’ homes (n=33)  Non-smokers’ homes (n=42)     
Home Location  Rural: 4%  Rural: 3%   
Suburban: 33% Suburban: 26%  
Urban: 67% Urban: 71%   
Medium-high traffic: 68% Medium-High traffic: 53% 
Building information  Flat: 79% Flat: 63%  
House:21% House:37%  
Fireplace: 4% Fireplace: 19%  
Carpets: 29% Carpets: 40%    
Household Residents  No. Adults No. Adults  
One: 4% One: 8%  
Two: 41% Two: 68%  
Three: 8% Three: 13%  
Four: 16% Four: 10%   
Homes with children: 63%  Homes with children: 72%   
No. Children  No. Children   
One: 21% One: 29%  
Two: 29% Two: 45%  
Three: 12% Three: 3%  
Agesa: 9 (<1, 5,75,12,17) Agesa: 7 (1, 4.5,9,17)    
Pets (dog or cat)  50% 29%    
Smokers per home One smoker: 67% -  
Two smokers 33% -  
Three smokers: 0%  -  
Smoking Indoor: 50% - 
 Outdoor smoking: 95 % 
Indoor smoked cigarettes a,b: 0 (0, 0, 5, 40) 
 
 
Total smoked cigarettes a,c: 20 (1, 11.5, 25, 
45) 
- 
      
Cleaning information  Once a week: 33%  Once a week: 45% 
Vacuum frequency  Twice a week: 29% Twice a week: 26%  
3 to 5 times a week: 20%   3 to 5 times a week: 16%  
Every day: 8% Every day: 13%  
Once a week: 4% Once a week: 5% 
Ventilation frequency  Twice a week: 4% Twice a week: 0 %   
3 to 5 times a week: 8% 3 to 5 times a week: 24%   
Every day: 87% Every day: 71%  
a Median value (min, 0.25, 0.75, max) 
b Cigarettes smoked inside the home per day 
c Total number of cigarettes smoked by all the smoker households, including those cigarettes smoked in other 
locations 
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As seen in Table 1, most of the samples were from flats in urban areas, with 
medium-high traffic intensity for more than a half of the flats. Around half 
(44%) of the samples were characterized as from smokers' homes, where at 
least one occupant was a tobacco smoker, including those whose occupants do 
not smoke inside the home. The mean number of cigarettes smoked per day in 
this group was 20, including cigarettes smoked both inside the home and at 
other locations. In 63% of the smokers’ homes lived at least 1 child.   
 
4.3.2 Dust extraction and analysis  
Dust samples were prepared as previously described by Torres et al. based 
on a QuEChERS extraction followed by dispersive solid extraction clean-up 
using Z-Sep+ 16. Briefly summarized, 300 mg of dust spiked with 0.05 µg/mL of 
internal standards (nicotine-d3, cotininine-d3, NNN-d4, NNA-d3 and NNAL-d3) 
were extracted with 2 mL of acetonitrile (LC-MS grade). We used 0.5 g of CEN 
QuEChERS salts for the salting-out. This mixture was vortexed for 1 min and 
centrifuged for 5 min at 4000 rpm. The supernatant was cleaned-up and stored 
at -80°C until analysis.  
For the targeted analysis the concentration of the six tobacco specific 
toxicants including nicotine, cotinine, NNK, NNN, NNAL and NNA was 
determined by injecting 1 µl of dust extract into an UHPLC chromatograph 
coupled to a triple quadrupole mass analyser, both from Agilent Technologies 
(Sta. Clara, CA, USA). Method details and key parameters used are detailed 
elsewhere 16. Concentrations of the two carcinogenic nitrosamines NNN and 
NNK were used to estimate the human exposure to THS through the main 
pathways of THS exposure, non-dietary ingestion and dermal absorption. 
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Calculations were performed following the equations used for risk assessment 
described in the US EPA guidelines 6.   
For the non-targeted analysis, 2 µl of dust extracts were injected into a 
Dionex Ultimate 3000 coupled to a Q-Exactive Plus HRMS equipped with 
electrospray ionization source, both from Thermo Scientific (Bremen, 
Germany). Chromatographic separation was performed in reverse phase mode 
using a Kinetex EVO C18 column (150 × 2.1mm i.d, 2.6 µm) kept at 25 °C during 
all the analysis time. The gradient elution procedure was set at 0.3 mL/min with 
a mixture of H2O containing 10 mM ammonium acetate (A) and MeOH 
containing 0.1% formic acid (B) as mobile phase (0-2min, 5% B; 2-25 min, 5-
100% B; 25-30 min, 100% B; 30-31, 5% B; 31-35 min, 5% B). The electrospray 
ionization source was operated in the positive ionization mode under the 
following specific conditions: source temperature 275 °C, capillary temperature 
275 °C, spray voltage 3.50 kV; sheath and auxiliary gas 50 and 10 arbitrary units, 
respectively. The untargeted analysis was performed in full scan mode, 
followed by data-dependent MS/MS scans (ddMS2). Full scan conditions were: 
scan range m/z = 50-750; mass resolution R=140,000; and automatic gain 
control (AGC) target and maximum injection time (IT) were set at 3 × 106 and 
200 ms, respectively. For the ddMS2, a top 5 experiment (the 5 highest ions of 
each scan were selected for MS/MS) was performed with the parameters set as 
follows: R=35,000; AGC target: 2×105; maximum IT = 5 ms; Loop count: 5; MSX 
count: 1; 1.2 Da isolation window; and nominal collision energy 20 eV. 
In order to asses analytical variability throughout both analysis, quality 
control (QC) samples consisting of pooled dust samples from smokers’ and non-
smokers’ homes were injected after every ten samples. The order of the dust 
samples during analysis was entirely randomized, to reduce the systematic 
error associated with instrumental drift. Additionally, in the untargeted analysis 
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pooled dust extracts from non-smokers’ and smokers’ homes were also 
analysed using an inclusion list in order to increase the chances of finding dust-
related toxicants. The inclusion list consisted on a manual elaborated list 
containing the exact mass of the 95 compounds previously reported in THS 
samples. Those masses were searched in MS mode, isolated and fragmented to 
obtain the MS/MS spectra. The curated and compiled list used is available on 
NORMAN Suspect List Exchange and the CompTox Chemicals Dashboard 17–19. 
 
4.3.3 Untargeted data analysis 
LC/MS raw data files were converted from the vendor format into mzXML 
and mzML formats using Proteowizard software 20 using the vendor peak 
picking option to perform centroiding. The converted files were processed 
using the XCMS R package software (version 3.0.2) 21–24 to detect and align 
features. The parameters used in the XCMS workflow were: xcmsSet (method = 
“centWave”, peakwidth = c(15,80)); retention correlation function retcor 
(method = “obiwarp”, profStep = 0.1); and the grouping function group 
(minfrac = 0.8, bw = 5). The intensity of the features was normalized by 
performing a probabilistic quotient normalization (PQN) in order to correct 
instrumental drift along the sequence then features with peak height greater 
than 100,000 counts in at least one of the groups were kept for further 
processing. Quality control samples formed by a pool of all sample extracts, 
were used to reduce the number of features by filtering by analytical 
variation as previously described 25. Following T-test analysis and fold change 
calculations were performed and statistically different features between 
smokers’ and non-smokers’ homes showing a FDR corrected p value < 0.05, 
and fold change > 1.2 were selected for annotation.  
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Non-target annotation was performed using the MetFrag  26 Command 
Line Tool (v 2.4.5) using either PubChem database 27 or a local CSV copy of 
the CompTox Chemicals Dashboard (created May 1st, 2018) 28. A smoking-
specific copy of the CompTox Dashboard CSV was created for the purposes of 
this study 29, designed on the basis of the MS-ready 30 export file created by 
the CompTox Dashboard team 31. This file contains structural information 
linking mixtures to the individual components (as described in McEachran et 
al. 2018)30, as well as several metadata fields. These include data sources, 
number of PubMed articles, number of PubChem data sources, predicted 
exposure values from EXPOCAST 3233, TOXCAST 34 % active bioassays and 
presence in the US EPA's Chemical and Products Database CPDat 35 and the 
NORMAN SusDat suspect screening list 36. 
For the smoking-specific file used here, additional terms considered 
relevant for THS, dust, and smoking in general, were added. The column 
“PubMedNeuro” contains a list of potential neurotoxicants extracted from 
PubMed as described by Schymanski et al 37 with the total PubMed reference 
counts as a scoring term (and 0 for all other entries). A further 5 columns 
were added as suspect lists (1=present, 0=absent) including the one 
developed in this study (“THSMOKE”) and the other lists CIGARETTES38, 
INDOORCT16 15,39, SRM2585DUST40 and SLTCHEMDB38 from the CompTox 
Dashboard. All entries were mapped using the CompTox chemical substance 
identifier DTXSID included in each list.  
The MetFragConfig function of the ReSOLUTION package (v 0.1.8) 41was used 
to prepare the configuration files using either the MS/MS extracted by 
RMassBank, or a “dummy” MS/MS spectrum (m/z=999, I=100, one entry 
only, which will never be scored) as the peak list. The MetFrag scoring terms 
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FragmenterScore, OfflineMetFusionScore and OfflineIndividualMoNAScore 
were used in both cases, weighted to 1.  
For CompTox calculations, the additional terms “Number of PubMed 
articles”, EXPOCAST, TOXCAST and CPDat, were used weighted to 1, while 
the two data sources terms (data sources, PubChem data sources) were 
weighted at 0.5 each to avoid the number of data sources dominating the 
score too much. This yields a maximum score of 8. For compounds without 
MS/MS, the maximum score will be 5. For PubChem calculations, the default 
built into MetFragConfig for the “PubChemExtended” database was used, i.e. 
the three spectral scores outlined above, plus the patents and references 
scores were added with default weight 0.5 each, to yield a maximum score of 
4. A summary file was created automatically from the results files exported 
after the MetFrag calculations. 
 
4.4  Results and discussion  
4.4.1 Targeted results 
The quantification of tobacco toxicants in house dust samples confirm the 
ubiquitous presence of tobacco related toxicants in the environment since both 
smokers’ and non-smokers’ homes dust contained the studied contaminants. 
Nicotine and cotinine were found in all homes (see Table 2) with a median level 
of 39.4 µg g-1 and 5.3 µg g-1 in smokers’ homes and 2.5 µg g-1 and 1.9 µg g-1 in 
the non-smokers’.  These results are in accordance with the nicotine levels 
found in a study performed in the same area in 2013 6 and with several studies 
performed in the US 42–44. In smokers’ homes NNK was detected in all samples, 
NNN in the 96.9%, NNAL in 57.5 % and NNA in 6.0 % of the samples. NNK and 
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NNN median values are also in accordance with those found in a study 
performed in California 45. In non-smokers’ homes NNK and NNN were detected 
in the 88 and 64% of the non-smoker’s samples, respectively, but NNA and 
NNAL were not detected. NNA mean and maximum levels found are similar to 
those estimated by Sleiman et al. in environmental chamber experiments  46, 
but NNK concentrations were higher in all cases and NNA in our smokers’ house 
dust, and we could only detect it  6% of the samples.  
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We calculated the ratio NNK/Nicotine which average was higher in non-smoker 
homes’ (0.64) than in the smokers’ one (0.29), in accordance with results 
previously reported by Jacob et al.5 Analogously, the NNN/Nicotine ratio was 
also higher in non-smokers’ homes (0.59 vs. 0.17) indicating that the 
NNN/Nicotine ratio would also serve as THS exposure indicator. The higher 
ratio NNK-NNN/Nicotine can be explained considering two factors: first that as 
THS ages, TSNAs concentrations increase, and second that nicotine can be 
removed by ventilation at a greater rate than TSNAs 47. 
 
Figure 1. NNK/Nicotine and NNN/Nicotine ratios in smokers’ and non-smokers’ homes 
 
The concentration of the carcinogenic nitrosamines NNK and NNN found in the 
samples were used for the estimation of cumulative cancer risk by dermal 
absorption and non-dietary ingestion by age group 6 (see Tables 2 and 3). As 
can be seen in the tables the cancer risk associated with dermal absorption was 
lower since this way of exposure is secondary in comparison with non-dietary 
ingestion. Moreover, the threshold of 1 excess cancer cases per 1 million 
population stablished by the US EPA guideline48 is never excedded by this 
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exposure way. Nonetheless, median risk was higher in infants between 1-6 
years in both smokers and non-smokers homes compared to the other groups 
being 1.7 x 10-12 in smokers and 1.3 x10-13 respectively (Table 2).  
 
Table 3. Total Cancer Risk by dermal absorption of the carcinogenic compounds NNK and NNN, 




Smokers’ homes Non-Smokers’ homes 
Min  0.25 Median 0.75 Max Min  25% Media 75% Max  
1 < 3.1×10-14 1.2×10-13 4.8×10-13 1.1×10-12 1.5×10-11 1.3×10-15 2.1×10-14 3.8×10-14 1.3×10-13 1.1×10-12 
1-6 1.1×10-13 4.1×10-13 1.7×10-12 3.7×10-12 5.1×10-11 4.4×10-15 7.2×10-14 1.3×10-13 4.6×10-13 3.8×10-12 
6-21 1.7×10-13 6.4×10-13 2.6×10-12 5.8×10-12 8.0×10-11 6.9×10-15 1.1×10-13 2.1×10-13 7.3×10-13 5.9×10-12 
21-70 3.5×10-13 1.3×10-12 5.3×10-12 1.2×10-11 1.6×10-10 1.4×10-14 2.3×10-13 4.2×10-13 1.5×10-12 1.2×10-11 
 
Table 4. Total Cancer Risk by non-dietary Ingestion of the carcinogenic compounds NNK and 





Smokers homes Non-Smokers' homes 
Min 25% Median 75% Max Min 25% Median 75% Max 
1< 1.5×10-08 1.0×10-07 3.1×10-07 6.0×10-06 8.0×10-06 1.3×10-09 8.3×10-09 2.3×10-08 7.9×10-08 5.1×10-07 
1-6  3.6×10-08 2.5×10-07 7.4×10-07 1.4×10-06 1.9×10-05 3.2×10-09 2.0×10-08 5.6×10-08 1.9×10-07 1.2×10-06 
6-21 1.2×10-08 8.3×10-08 2.5×10-07 4.8×10-07 6.4×10-06 1.1×10-09 6.6×10-09 1.8×10-08 6.3×10-08 4.1×10-07 
21-70 7.0×10-09 4.9×10-08 1.4×10-07 2.8×10-07 3.8×10-06 6.3×10-10 3.9×10-09 1.1×10-08 3.7×10-08 2.4×10-07 
 
 
The calculated risk estimates, based on a lifetime exposure (0–70 years) to the 
individual carcinogen nitrosamines in house dust for a non-dietary ingestion 
pathway, are shown in Figure 2. As can be seen children from 1 to 6-year-old 
living in smoker’s homes are the population with highest cancer risk, exceeding 
1 excess cancer cases per 1 million population exposed in 42% of the samples. 
This is due to habits associated to this age group since toddlers, spend relatively 
more time indoors, they engage in activities close to the floor and have hand-
to-mouth behaviours.  
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For children from 0 to 1 the median is below that limit, but 15% of the 
samples were over that threshold. For population between 6 to 21 and 21-70 
the calculated risk was over 10-6 in 21% and 9% of the cases respectively. In the 
case of non-smokers’ homes although the median is below the threshold in all 
group age for children from 1 to 6 years, 2.6% of the samples were above the 











Figure 2. Boxplot of the logarithm (log10) of the estimated cancer risk by non-dietary ingestion of the 
compounds NNK and NNN found in the smokers and non-smokers homes, by age group. The red line 
indicates the limit stablished by the EPA.  
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4.4.2 Non-target results  
A summary of the features and records obtained after each workflow step 
is represented in Figure 3. As can be seen in the figure the pre-procesign of the 
raw data provided a matrix containing the retention time, m/z value and peak 
height of 8012 features. Those features were normalized, and filtered by peak 
height and analytical variation resulting in a matrix of 4228 features. T-test 
analysis and fold change calculations were performed in order to reduce the 
matrix into those relevant features between sample groups. A total of 509 
features presented statistical relevance (pvalue < 0.05, FC > 1.2) between 
smokers and non-smokers samples. MSMS was available for 251 of these 
features and 205 presented a match candidate in the search against PubChem 
and the CompTox Chemicals Dashboard.  
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Raw LC/MS data Organization and Conversion 
Proteowizard: 
Vendor files conversion 
(.d, Thermo) à ‘mzXML’ & ‘mzML ’ files 
Preprocessing at the raw signal level 
‘mzRT’ Features (8012)
XCMS: 
- Feature Detection 
- Matching peaks across samples
- Alingment and retention time correction
- Peak Integration 
‘mZRT’ Filtering 
Rstudio: iFilter + statistics 
- Minimum Intensity (10e5) 
- Quality Controls variance
- Statistical Significance (t-test, pval>0,05)
- Fold Change > 1.5 
Subtract MSMS information of the 509 masses
RMassBank:
- MSMS extraction 
- Conversion to MassBank records: 251
4228
509
Identification by MSMS or exact mass
PubChem, Comtox Chemicals Dashboard
- MSMS match with  specialized libraries: 205
 
Figure 3. Non-targeted Screening workflow used for the data analysis of the dust samples analyzed by 
LC-HRMS.  Red numbers indicate the number of features/putative compounds after each step of the process. 
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Table 5 show the compound putative identified with a total score > 5, 
including the feature retention time, m/z, pvalue, FC and the name of the 
candidate with maximum score for each feature. As can be seen we putatively 
annotated nicotine with a score of 7.2 out of 8, beeing the feature with the 
highest score. Nicotine also was the feature with lowest p value found in the 
analysis and the biggest fold change, thus indicating that this was the 
compound that clearly differed between samples.   
In addition, by using this strategy we also annotated known tobacco related 
compounds such as N-N-Diethylnicotinamide, scopoletin an active principle of 
tobacco tree and cotinine. Moreover, the stastical results also support these 
annotations since in all cases the fold change is positive meaning that those 
compounds are found in higher concentration in the smokers’ group.  
Table 5. Summary of the parameters of the statistical analysis performed between smokers and non-
smokers samples and some of the columns obtained in the file automatically created from the results files 
exported after the MetFrag calculations. 
Name Rt m/z P value FC Max Score Name maxScore 
FT0541 1.07 163.122 4.60E-04 30.2 7.2 Nicotine 
FT0196 1.03 114.066 4.80E-02 1.7 7.229 Creatinine 
FT0070 9.59 77.071 1.00E-02 1.5 7.000 2-Hydroxyethylhydrazine 
FT3014 23.52 336.167 5.10E-03 3.1 6.977 Riboprine 
FT2321 19.53 297.183 4.40E-02 2.3 6.685 17alpha-Ethinylestradiol 
FT3332 24.74 355.108 3.00E-03 2.2 6.479 Flumioxazin 
FT2924 14.26 331.207 4.50E-03 1.9 6.456 2,4-Bis(1-methyl-1-
phenylethyl)phenol 
FT2922 23.66 331.189 4.90E-03 1.4 6.417 Dicyclohexyl phthalate 
FT0352 21.40 143.070 4.40E-02 2.3 6.346 Glycidyl methacrylate 
FT0480 11.88 157.075 9.90E-04 3.1 6.305 2,2'-Bipyridine 
FT0192 16.37 113.060 5.50E-04 3 6.211 2E,4E-Hexadienoic acid 
FT4846 26.23 447.345 1.40E-03 2.4 6.093 Didecyl phthalate 
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FT3193 21.08 346.110 3.30E-02 21.5 5.973 Nitralin 
FT2912 
22.59 330.335 4.10E-02 1.8 5.973 N-Hexadecyl diethanolamine 
FT0312 
1.07 135.101 5.40E-03 1.6 5.966 2-(2-Ethoxyethoxy) ethanol 
FT0689 1.07 179.117 3.40E-02 2.3 5.960 N, N-Diethylnicotinamide 
FT0166 1.07 107.070 4.50E-02 1.2 5.943 Diethylene glycol 
FT2652 20.83 315.176 1.40E-02 1.6 5.940 Ethidium bromide 
FT2937 22.50 332.184 3.80E-02 6.7 5.885 Tetramethrin 
FT2553 




FT1092 14.43 211.108 8.00E-05 2.2 5.838 Phosphoric acid, dibutyl 
ester 
FT1548 16.37 243.121 1.30E-02 1.5 5.820 Di (ethylene glycol) 
dimethacrylate 
FT2098 25.21 282.278 1.50E-10 1.7 5.805 (9Z)-Octadec-9-enamide 
FT3387 25.04 358.239 7.20E-02 2.3 5.758 Oxybutynin chloride 
FT0858 11.27 193.049 3.00E-03 2.2 5.713 Scopoletin 
FT0741 24.77 183.080 4.50E-03 1.9 5.690 Benzophenone 
FT2433 21.12 302.304 4.90E-03 1.4 5.686 2,2'-
(Tetradecylimino)diethanol 
FT1543 22.46 243.137 3.30E-02 2.3 5.676 Bisphenol B 
FT0898 1.18 195.122 9.60E-04 3.1 5.647 Tetraethylene glycol 
FT2436 25.19 303.230 9.40E-03 1.4 5.636 Eicosapentaenoic acid 
FT2226 24.77 291.195 1.70E-03 2.4 5.575 Octinoxate 
FT4659 18.25 207.101 3.50E-03 -2.6 5.513 Ethyl 
methylphenylglycidate 
FT0833 8.51 191.117 6.10E-02 1.8 5.478 5-Methoxytryptamine 
FT0659 7.68 177.101 5.40E-03 7.3 5.468 Cotinine 
FT0658 7.68 177.101 3.50E-02 1.5 5.354 4-Methyl-1-
phenylpyrazolidin-3-one 
FT0508 10.12 161.080 4.90E-03 2.4 5.143 Heptanedioic acid 
FT4233 25.15 411.111 1.70E-02 1.5 5.075 Nicosulfuron 
FT4217 25.15 410.108 7.70E-10 1.7 5.069 Sitafloxacin 
FT3004 12.69 335.220 2.70E-03 2.1 5.020 Dihexyl phthalate 
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4.5  Conclusions 
In this study we have determined nicotine, cotinine and 4 TSNAs with a 
targeted approach which confirms the ubicutious presence of tobacco 
related contaminants in smoke-free homes. We have also determined the for 
the first time the nicotine/NNN ratio which can serve as THS exposure 
indicator. Moreover, the cancer risk assessment performed highliths the risk 
of THS exposure to infants from 1 to 6 years old living with smokers. 
The untargerted approach presented here by using metabolomics 
strategies such as the case/control approach with the score system for 
compound annotation demonstrates that combinig different results such as 
pvalue, fold change and the score helps to rely on the automated 
annotations performed. We have demonstrated that score system works 
since it has given maximum score to nicotine. Moreover, with the data 
dependent acquisition (DDA) performed here we have been able to obtain 
251 MS/MS spectra statistically different between smokers and non-smokers 
samples. However, further research must be done in order to improve the 
selection of the peaks to performe the MS/MS analysis since using an 
intensity threshold value exclude compounds that are present in samples at 
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4.6  Supplementary Information  
SURVEY OF THIRDHAND SMOKE EXPOSURE PROJECT 










A series of questions will be shown below about the characteristics of your home, the 
people who live in it and other personal information about you, relevant to the study. 
Please, take the time to read each of the questions and answer them as honestly as 
possible. These answers will help the research team to better understand the data 
obtained from the dust sample that you are going to provide. We appreciate the time 
spent in answering this survey and we assure you the maximum confidentiality of the 
data that you are going to provide us. 
CHARACTERISTICS OF YOUR HOME 
Specify the location of your home. 
Location: Urban / Suburban / Rural 
Type of road: Main road / Secondary road 
Traffic intensity: Low / Medium / High 
When did you start living in your home? Date: ____ / _____ / _______ (Day / 
Month / Year) 
Approximately 
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What is the approximate age of your home? 
Age: Less than 1 year / 1 - 5 years / 6 - 10 years / 11 - 20 years / 21 - 50 years / 
51 - 100 years / More than 100 years 
What is the surface area of your home? Area (m2): 
Is it a flat or a house? Flat / House 
If it is a flat, does any exterior window or door on your flat face the main 
street? 
Yes / No 
If the answer is yes, how many windows or exterior doors of your flat face 
the main street?  
1 / 2 / 3 / 4 / 5 / More than 5 
Does your home have a fireplace? Yes / No 
If the answer is yes, what type of fireplace do you have? Open fireplace / 
Close fireplace 
If you have a fireplace, have you used it during the dust collection period? 
Yes / No 
If you have used it in dust collection, how often per week? 
1 - 7 Hours/Week / 8 - 24 Hours/Week / 25 - 48 Hours/Week / 49 - 100 
Hours/Week / More than 100 Hours/Week 
What type of heating does your home have? (Several options can be 
selected) Radiators / Electric stoves / Convection systems / Combustion stoves 
/ Gas stoves / Pellet stoves / Others: 
Did you use the heater during the dust collection period? Yes / No 
If you have used it in dust collection, how often per week? 
1 - 7 Hours/Week / 8 - 24 Hours/Week / 25 - 48 Hours/Week / 49 - 100 
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Hours/Week / More than 100 Hours/Week 
Does your home have rugs or carpeting? Yes / No 
If the answer is affirmative, what area do they occupy? Area (m2): 
Have any renovations recently complete inside or outside your home? or are 
these being carried out now? Yes / No  
If yes, what is the approximate completion date? Date: ____ / _____ / 
_______ (Day / Month / Year) 
Do you usually burn incense or candles inside your home? Yes / No 
If the answer is yes, how often per week do you do it? 1 - 7 Hours/Week / 8 - 
24 Hours/Week / 25 - 48 Hours/Week / 49 - 100 Hours/Week / More than 100 
Hours/Week 
How often per week do you vacuum your home? 0 / 1 / 2 / 3 / 4 / 5 / 6 / 7 / 
More than 7 times 
How often per week do you ventilate your home? 0 / 1 / 2 / 3 / 4 / 5 / 6 / 7 / 
More than 7 times 
If you ventilate your home, how long do you do it each time? 
0 - 10 min / 11 - 30 min / 31 min - 1 hour / More than 1 hour 
HOUSEHOLD’S INFORMATION 
How many adults live in your household? 1 / 2 / 3 / 4 / 5 / 6 / 7 
How many children live in your home? 0 / 1 / 2 / 3 / 4 / 5 / 6 / 7 
In the case of children in your home, how old are they? Age: 
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How many pets live in your home? 0 / 1 / 2 / 3 / 4 / 5 / 6 / 7 
In the case of pets, what type are they? (Multiple options can be selected) 
Dog / Cat / Rodents / Fish / Reptiles / Others: 
Does anyone in your household smoke? Yes / No 
If yes, how many smokers are? 1 / 2 / 3 / 4 / 5 / 6 / 7 
In the case of smokers, how many cigarettes per day are smoked inside the 
home? 
No. cigarettes: 
(Total sum of all smokers. Specify per day, per week or per month). 
In the case of smokers, how many cigarettes per day are smoked outdoors? 
No. cigarettes: 
(Total sum of all smokers. Specify per day, per week or per month). 
Do former smokers live in your home? Yes / No 
If yes, how long has it been since they quit smoking? 
Answer: 
(Specify by months or by years, for each person who has quit smoking). 
Has it smoked inside your home for social reasons in the last few weeks? Yes 
/ No 
(Meetings, dinners or meals with friends, among others). 
Do smokers often enter your home, including those who do not smoke 
indoors? Yes / No 
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Do you notice tobacco smoke odour in your home when no one is smoking? 
Yes / No 
Do you consider that inhalation of second-hand smoke is harmful to health? 
Yes / No / I don't know 
Do you consider that thirdhand smoke is harmful to health? Yes / No / I don't 
know 
(Thirdhand smoke consists of the remains of smoke that remain on surfaces 
and dust, and is perceived as the characteristic tobacco smoke odour). 
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5.1  Abstract  
Background: Thirdhand smoke (THS) is the accumulation of tobacco smoke 
gases and particles that become embedded in materials. Previous studies 
concluded that THS exposure induces oxidative stress and hepatic steatosis in 
liver. Despite the knowledge of the increasing danger of THS exposure, the 
metabolic disorders caused in liver are still not well defined. 
Objectives: The aim of this study is to investigate the metabolic disorders 
caused by THS exposure in liver of male mice and to evaluate the effects of an 
antioxidant treatment in the exposed mice.   
Methods: We investigated liver from three mice groups: non-exposed mice, 
exposed to THS in conditions that mimic human exposure and THS-exposed 
treated with antioxidants. Liver samples were analyzed using a multiplatform 
untargeted metabolomics approach including nuclear magnetic resonance 
(NMR), liquid chromatography coupled to high-resolution mass spectrometry 
(LC-MS) and laser desorption/ionization mass spectrometry imaging (MSI), able 
to map lipids in liver tissues.  
Results: Our multiplatform approach allowed the annotation of eighty-eight 
metabolites altered by THS exposure, including amino acids, nucleotides and 
several types of lipids. The main dysregulated pathways by THS exposure were 
D-glutamine and D-glutamate metabolism, glycerophospholipid metabolism 
and oxidative phosphorylation and glutathione metabolism, being the last two 
related to oxidative stress. THS-exposed mice also presented higher lipid 
accumulation and decrease of metabolites involved in the phosphocholine 
synthesis, as well as choline deficiency, which is related to Non-Alcoholic Fatty 
Liver Disease and steatohepatitis. Interestingly, the antioxidant treatment of 
THS-exposed mice reduced the accumulation of some lipids, but could not 
UNIVERSITAT ROVIRA I VIRGILI 
ADVANCES ON THIRDHAND SMOKE USING TARGETED AND UNTARGETED APPROACHES 
Sònia Torres Gené 
 
 198 
revert all the metabolic alterations, including some related to the impairment 
of the mitochondrial function.  
Conclusions: THS alters liver function at a molecular level, dysregulating 
many metabolic pathways. The molecular evidences provided here confirm that 
THS is a new factor for liver steatosis and provide the basis for future research 
in this respect. 
 
5.2  Introduction   
Non-Alcoholic Fatty Liver Disease (NAFLD) is becoming the most common 
chronic liver disorder in the western countries affecting both adults and 
children. The prevalence of NAFLD in Europe has reached very high levels (20-
30%) (European Liver Patient's Association (ELPA), 2017) and it is expected to 
grow across many countries in the years to come. NAFLD comprises different 
stages starting with non-alcoholic fatty liver (NAFL) and non-alcoholic 
steatohepatitis (NASH) which can progress to more severe and irreversible 
stages of the disease such as fibrosis, cirrhosis and hepatocellular carcinoma 
(HCC) (Haas et al., 2016). As a result, NAFLD is becoming a leading indication for 
liver transplantation and cause of hepatocellular carcinoma (Adam et al., 2012; 
Bertuccio et al., 2017). Due to the importance on the early detection at 
previous stages with non-invasive techniques, current research focuses on 
finding reliable biomarkers to predict disease stages and development (Pirola 
and Sookoian, 2018). Since NAFLD is seen as a lifestyle condition, it is vital to 
determine all the risk factors associated on its prevalence. Previous research 
demonstrated that tobacco consumption is a risk factor in NAFLD development 
(Akhavan Rezayat et al., 2018; Hamabe et al., 2011; Kim et al., 2018; PeiYi et al., 
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2017), and that the exposure to secondhand smoke (SHS) also increases this 
risk (Liu et al. 2013; Yuan et al. 2009) . 
Nevertheless, exposure to tobacco smoke toxicants goes beyond SHS 
exposure. A less studied path of exposure is the so-called thirdhand smoke 
(THS) that is formed by the accumulation of tobacco smoke toxicants that settle 
on furniture, fabrics and surfaces in places where SHS was present (Jacob et al., 
2017; Matt et al., 2011). These toxicants can also react with atmospheric 
oxidants to form secondary pollutants that could have increased toxicity 
(Sleiman et al., 2010), such as tobacco-specific nitrosamines, a leading class of 
carcinogens that affect humans (IARC, 2004). Recently, several studies have 
presented undeniable evidences of THS health hazards, including liver damage 
in in vitro and in vivo models (Flores et al., 2017, 2016; Hang et al., 2017; Jacob 
et al., 2017). THS exposure of mice caused abnormal lipid metabolism in liver, 
enhancing the accumulation of lipids in larger lipid droplets in the hepatocytes 
with higher concentrations of triglycerides that is mediated by oxidative stress. 
This accumulation of lipids can result in the development of NAFLD (Adhami et 
al., 2016; Flores et al., 2016; Martins-Green et al., 2014). After four weeks of 
THS exposure, male mice presented an increase of the liver damage biomarker 
aspartate aminotransferase (AST), and from two months there were signs of 
molecular damage induced by oxidative stress, including an increase of 
hydrogen peroxide (H2O2) and superoxide dismutase (SOD) (Adhami et al., 
2017). The decrease of the oxidative stress with antioxidants ameliorated the 
THS-induced damage (Adhami et al., 2016; Chen et al., 2018; Flores et al., 
2016). Moreover, acute and chronic exposure to THS of human liver cancer 
cells (HepG2) significantly increased DNA strand breaks (Hang et al., 2013). In 
view of these results, THS exposure could be a new risk factor for the 
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development of hepatic steatosis. Nevertheless, the extent of the molecular 
alterations in liver induced by THS exposure remains to be fully elucidated.  
Here we present a novel approach for the comprehensive molecular 
characterization of THS-induced liver damage based on multiplatform 
untargeted metabolomics of liver samples from male mice exposed to THS in 
conditions that mimic exposure of humans in the homes of smokers. In order to 
determine if antioxidants could completely revert THS-induced molecular 
damage, some of the THS-exposed mice were treated with antioxidants. 
Untargeted metabolomics is a powerful tool that allows the simultaneous 
determination of hundreds of metabolites in biological samples and, therefore, 
is key to elucidate metabolic changes and disorders (Siuzdak et al., 2012). We 
have performed untargeted analysis of aqueous and lipidic liver extracts using 
two complementary analytical platforms to cover a wider range of metabolites: 
proton nuclear magnetic resonance (1H NMR) and liquid chromatography 
coupled to high resolution mass spectrometry (LC-MS). Furthermore, we have 
also explored the spatial distribution of lipids in the liver samples by acquiring 
mass spectrometry images of liver sections using an innovative methodology 
based on sputtered gold nanolayers and laser desorption ionization mass 
spectrometry (LDI-MS). To our knowledge, this is the first study that assess the 
potential of a multiplatform metabolomics approach to unravel the molecular 
alterations of THS-induced liver damage.  
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5.3  Materials and mehtods   
5.3.1 Animal Models 
Animal models were developed at the Molecular, Cell and Systems Biology 
Department at the University of California Riverside. Male C57BL/6 mice model 
and THS exposure methodology was described by Martins-Green et al. (Flores 
et al., 2016; Martins-Green et al., 2014). Briefly, different household materials 
were exposed to secondhand smoke (SHS) from a smoking machine. Total 
particulate matter was 30 +/- 5 µg/m3, which is within the range detected by 
the Environmental Protection Agency (EPA) in the homes of smokers (15-35 
µg/m3) (EPA, 2004; Ott et al., 2008). For this study, male mice were randomly 
divided into three experimental groups (5 mice for each group): control (CTRL), 
which was never exposed to THS; THS-exposed (THS) that were placed in the 
exposed cages from weaning (three weeks of age) to 24 weeks; and a third 
group of mice exposed to THS and then treated intraperitoneally with the 
antioxidant alpha-tocopherol (alpha-toc) and N-acetylcysteine (NAC) for 20 
weeks while the mice still continued to be exposed to THS (THS-AO). THS and 
THS-AO groups were never exposed to SHS, and all groups were fed a standard 
chow diet (percent calories: 58% carbohydrates, 28.5% protein, and 13.5% fat). 
In order to assure the reliability of the THS exposure model, we measured the 
concentration of 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanol (NNAL) in the 
urine of mice that is the main metabolite of the tobacco-specific nitrosamine 4-
(methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK), a well-accepted 
biomarker of exposure to tobacco toxicants (Torres et al., 2018). Median urine 
concentration of NNAL of THS-exposed mice was 35 pg ml-1, 20% less than 
NNAL levels in urine of SHS-exposed infants/toddlers, confirming the suitability 
of our THS exposure model (Martins-Green et al., 2014).  
UNIVERSITAT ROVIRA I VIRGILI 
ADVANCES ON THIRDHAND SMOKE USING TARGETED AND UNTARGETED APPROACHES 
Sònia Torres Gené 
 
 202 
Animal experimental protocols were approved by the University of 
California, Riverside, Institutional Animal Care and Use Committee (IACUC). 
Mice were euthanized with Carbon dioxide (CO2) inhalation which is the most 
common method of euthanasia used by NIH for mice. The levels and time for 
CO2 exposure were approved by the University of California, Riverside IACUC, 
death was induced quickly and without pain. Liver samples were snap frozen 
and kept at -80 °C until analysis. 
 
5.3.2 Untargeted metabolomic analysis 
To cover a wider range of metabolites, we performed untargeted 
metabolomics analysis using two complementary analytical platforms: 1H NMR 
and LC-MS.  
For 1H NMR analysis, five liver samples of each experimental group were 
lyophilized overnight and mechanically pulverized. Twenty mg of dried liver 
powder of each sample were extracted twice with 1.5 and 0.5 mL of a 
precooled acetonitrile–water mixture (1:1) by vigorous vortexing for 30 s, 
followed by the extraction of the hydrophilic metabolites in an ultrasound ice 
bath for 5 min. After centrifugation at 15000 rpm for 15 min at 4 C, the 
combined supernatants from both extractions were dried and redissolved with 
700 μL of phosphate buffer (Na2HPO4/NaH2PO4, 0.2 M, in D2O) containing 0.7 
mM NaN3 and 2.3 mM of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt 
(TSP-d4) as chemical shift reference. For the extraction of the lipophilic 
metabolites, the pellets from the previous extraction were mixed with 1 mL of 
chloroform: methanol (2:1) and extracted as commented above. Lipidic extracts 
were dried under a gentle N2 stream and reconstituted with 700 μL of a 
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mixture of CDCl3, CD3OD and D2O (64:32:4) containing 1.18 mM 
tetramethylsilane (TMS). Following centrifugation, 650 μL of each extract was 
transferred into a 5 mm NMR tube for NMR analysis. Liver extracts (aqueous 
and lipidic) were analyzed using a Bruker ADVANCE III 600 instrument (Bruker 
Biospin GmBH, Rheinstetten, Germany). 1H NMR spectra were recorded at 
310 K on a spectrometer operating at a proton frequency of 600.20 MHz. For 
the aqueous extracts, one-dimensional 1H pulse experiments were carried out 
using a nuclear Overhauser effect spectroscopy (NOESY)-presaturation 
sequence to suppress the residual water peak at around 4.7 ppm for aqueous 
extract. The relaxation delay between scans was set to 5 s. Spectral width was 
16 ppm and a total of 256 transients were collected for each spectrum. In the 
case of lipophilic extracts, a 90° pulse with presaturation sequence (zgpr) was 
used. Spectral width was 18.6 ppm and a total of 128 transients were collected 
for each spectrum.   
The acquired one dimensional (1D) 1H NMR spectra were phased, baseline-
corrected and referenced to glucose signal (5.23 ppm) for the aqueous extracts 
and to TMS signal for the lipidic extracts with TopSpin from Bruker. After 
baseline correction, peaks in the 1D spectra were integrated using the AMIX 3.8 
software package (Bruker). Metabolites were annotated with level 1 confidence 
following the Rank and AssigN Confidence to Metabolites (RANCM) proposed 
by Joetsen et al. (Joesten and Kennedy, 2019), by comparing their chemical 
shifts with those for the standard compounds from Chenomx NMR Suite 
Professional database (Chenomx Inc., Edmonton, Canada), BBioref AMIX 
database (Bruker), Human metabolome database, version 3.0 (Wishart et al., 
2012) and previous bibliography (Vinaixa et al., 2010). Relative concentrations 
derived from both aqueous and lipidic and extracts were arranged together in 
one single data matrix, which was used as the input matrix to perform the 
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statistical analysis using RStudio (version 3.3.2, Boston, MA). Student’s t-test 
FDR-adjusted p-value < 0.05 and absolute fold change (FC) ≥ 1.1 were 
considered to indicate statistically significant differences between the 
experimental groups.  
Based on previous literature, aliquots of the extracts prepared for the NMR 
analysis were directly analyzed by LC-MS (Beltran et al., 2012). Three L of the 
aqueous extracts were injected into a 1290 Infinity LC System coupled to a 
6230 ESI-QTOF mass spectrometer (both from Agilent Technologies, Palo Alto, 
CA, USA), using an ACQUITY UHPLC HSS T3 C18 column (2.1mm x 150 mm, 1.8 
m) from Waters (Eschborn, Germany), kept at 30 C during the whole analysis. 
The mobile phases consisted of ultrapure water containing 0.1% formic acid (A) 
and acetonitrile with 0.1% formic acid (B) at a flow rate of 0.45 mL min-1. The 
gradient elution program was as follows: 100% A for 2 min, 100% A to 100% B 
from 2 to 9 min, 100% B from 9 to 10 min, and 100% A from 10 to 12 min. 
Fifty μL of the lipidic extracts used for the NMR analysis were evaporated 
to dryness and reconstituted with 100 l of methanol: toluene (9:1). Three μL 
of these reconstituted extracts were injected into the same LC-MS instrument. 
Separation was performed as described by Pi et al. (Pi et al., 2016) using an 
ACQUITY UHPLC BEH C18 column (2.1 mm x 150 mm, 1.7 mm; Waters), and 
mobile phases: A: acetonitrile: water (60:40) with 10mM of ammonium 
formate and B: isopropanol: acetonitrile (90:10) with 10 mM of ammonium 
formate.  
For both analyses, the mass spectrometer operated in positive electrospray 
ionization (ESI+) mode in the following conditions: gas temperature, 150 °C; 
drying gas, 11 L min−1; nebulizer, 35 psi; fragmentor, 120 V; and skimmer, 65 V. 
The instrument was set to acquire over the m/z range 100-1000 for the 
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aqueous extracts and 50−1200 for the lipidic ones, at an acquisition rate of 3 
spectra s-1. To assure the quality of the analysis, the extracts were injected in 
randomized order and quality control (QC) samples (prepared by pooling equal 
volumes of all aqueous and lipidic extracts, respectively) were injected every 5 
samples.  
LC- MS data was processed using the XCMS software, version 2.9.2 (Smith 
et al., 2006) to detect and align features. Those features with intensity lower 
than 5,000 spectral counts and variation lower than those found in the QC 
samples were discarded. Features found in at least 80% of samples were used 
for univariate statistical analysis. Those filtered features that were statistically 
different between the studied groups (p-value < 0.05, Student’s t-test, FDR 
corrected, and FC > 2) were putatively annotated by searching against the 
HMDB, version 3.0 (Wishart et al., 2012) within 5 ppm mass error threshold. 
The putatively annotated features with a candidate for the [M+H]+ adduct and 
relevant biological interest were confirmed by Tandem MS (MS/MS) performed 
in targeted mode, acquiring over the m/z range 50−1000, with a narrow 
isolation width (~1.3 m/z) and a fixed collision energy of 20 V. Annotation was 
carried out by comparing the obtained experimental mass fragmentation 
spectra with those experimental spectra from open access databases (HMDB, 
METLIN (Smith et al., 2005) and LipidMaps (Fahy et al., 2007), with a level 2 
identification confidence, accordingly with Schymanski et al. (coincidence of 
exact mass of the precursor ion (MS) and fragmentation pattern (MS2)) 
(Schymanski et al., 2014). More information about relevant feature selection 
and metabolite annotation can be found in the Supplementary Material, 
Section S2. Two-way hierarchical clustering was performed using 
MetaboAnalyst software (Chong et al., 2019).   
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NMR and LC-MS data are accessible at the Zenodo Open Access Repository 
(https://zenodo.org), under DOI: 10.5281/zenodo.3986136 
 
5.3.3 Pathway analysis 
The statistically relevant metabolites annotated by untargeted 
metabolomics in the liver extracts (including both, aqueous and lipidic extracts) 
were used to determine the metabolic pathways altered by THS exposure. 
Pathway enrichment analysis was performed using MBROLE 2.0 (Chagoyen and 
Pazos, 2011), selecting mus musculus as organism-based background. Only 
pathways over enriched with a p-value < 0.05 (FDR-corrected) were considered 
for the biological interpretation of the results. Fold enrichment (FE) of each 
altered metabolic pathway was calculated using the following formula FE = 
(m/n)/(M/N) (Huang et al., 2009), being m: metabolites annotated in our study 
that belong to a specific metabolic pathway; n: the total number of metabolites 
annotated in our study;  M: the total number of metabolites in a pathway; and 
N: all the metabolites of mice (mus musculus) reported in the database. 
 
5.3.4 Mass Spectrometry Imaging 
Mass spectrometry images were acquired using a matrix-free laser 
desorption/ionization methodology developed in our research group that is 
based on the deposition of gold sputtered nanolayers on tissue sections (Ràfols 
et al., 2018). Briefly, liver tissues were sectioned at -20°C into 10 µm thick 
sections using a Leica CM-1950 cryostat (Leica Biosystems Nussloch GmbH) and 
mounted on indium-tin oxide-coated (ITO) glass slides by directly placing the 
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glass slide at ambient temperature onto the section. Gold nanolayers were 
deposited onto the 10 µm tissue sections using a sputtering system ATC Orion 
8-HV (AJA International, N. Scituate, MA, USA). Histological images were 
acquired by examining serial liver sections stained with Oil Red O (ORA) using 
standard protocols. MSI images were acquired using a MALDI TOF/TOF 
UltrafleXtreme instrument with SmartBeam II Nd:YAG/355 nm laser from 
Bruker Daltonics (Massachusetts, USA) and a raster size of 20 m.  
LDI-MSI spectra data handling, alignment, calibration, peak picking 
(selecting peaks with signal-to-noise ratio > 5) and peak binning were carried 
out using the in-house developed R package rMSIproc (Ràfols et al., 2020). MS 
images reconstruction and visual inspection was performed with rMSI package 
(Ràfols et al., 2017), which allows the reconstruction of the ion intensity images 
and the calculation of average spectra of regions of interest. 
 
5.4  Results   
5.4.1 Untargeted metabolomics results 
Combining untargeted metabolomics analysis by 1H NMR and LC-MS, we 
were able to annotate 108 relevant metabolites in the aqueous (52) and lipidic 
(56) liver extracts. Supplementary Material, Section S1 and Section S2 present 
detailed information about the selection of relevant features and metabolite 
annotation by both analytical platforms.  
Table 1 shows the complete list of statistically different metabolites 
annotated in the aqueous extracts, including their p-values (FDR corrected) and 
FC for the different comparisons between the experimental groups (CTRL vs. 
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THS, THS vs. THS-AO) and the analytical platform that allowed the annotation. 
As it can be seen in Table 1, the annotated metabolites in the aqueous extracts 
included amino acids, coenzymes, nucleotides, peptides and organic acids, 
among others. Adenosine monophosphate (AMP) and glutamine were 
annotated by both analytical platforms, giving consistent results in both cases. 
For these two metabolites we present the results obtained by LC-MS, because 
this analytical platform provided the lower p values. Exposure to THS resulted 
in the alteration of forty-nine aqueous metabolites (Table 1, “CTRL vs. THS” 
columns), evidencing the impact of THS exposure in liver at the molecular level. 
Treatment with antioxidants was able to regulate the concentrations of twenty 
of the aqueous metabolites (Table 1, “THS vs. THS-AO” columns). As an 
example, serotonin, which is recognized to affect various liver diseases 
(Lesurtel et al., 2012), was the most upregulated metabolite annotated in THS 
mice livers (FC (CTRL vs. THS)= 12.4, but the levels of serotonin decreased 
under the antioxidant treatment of THS exposed mice (FC (THS vs. THS-AO)= -
13.1). Nevertheless, we found that the antioxidant treatment was not able to 
revert the alterations induced by THS exposure in twenty-nine metabolites. This 
was the case, for instance, of the levels of some acylcarnitines (i.e. 
Octanoylcarnitine, Decanoylcarnitine, Hexanoylcarnitine), that were increased 
by THS exposure and remained increased with the antioxidant treatment. 
Antioxidant treatment was also not able to revert the decrease of the 
nucleotides cytidine and cytosine, as well as, tryptophan and adenosine 
diphosphate (ADP), among others. 
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Table 1. Metabolites annotated in the aqueous extracts that were statistically relevant 
between THS-exposed and non-exposed liver samples (CTRL vs. THS), between THS-
exposed mice and those exposed to THS and treated with antioxidants (THS vs. THS-
AO). For each metabolite, the FDR corrected p-value and fold change (FC) of each 
comparison and the determination technique is also indicated. (Abbreviations: NAD: 
Nicotinamide adenine nucleotide; NADP: Nicotinamide adenine nucleotide phosphate; 
AMP: Adenosine monophosphate; ADP: Adenosine diphosphate). 
Metabolite 






FC   
Serotonin 2.87 x10-03 12.4 2.90x10-02 -13.1 LC-MSMS 
Octanoylcarnitine 1.65 x10-02 11.6   LC-MSMS 
Decanoylcarnitine 4.49 x10-02 6.9   LC-MSMS 
N-a-Acetyl-arginine 5.13 x10-03 6.8   LC-MSMS 
N6-Acetyl-lysine 9.20 x10-03 5.1   LC-MSMS 
NAD 7.67 x10-03 4.7   LC-MSMS 
Leucyl-Isoleucine 1.51 x10-02 3.8   LC-MSMS 
Adenosine 
diphosphate ribose 
6.82 x10-03 3.5   LC-MSMS 
Hexanoyl carnitine 2.22 x10-02 2.9   LC-MSMS 
Nα-Acetyl-glutamine 2.62 x10-02 2.9   LC-MSMS 
AMP 8.83 x10-03 2.4 3.63 x10-03 -1.3 LC-MSMS 
Isobutyrylglycine 1.09 x10-02 2.3   LC-MSMS 
5-Methylcytidine 3.24 x10-02 2.2 3.24 x10-02 2.2 LC-MSMS 
Xanthine 5.92 x10-04 2.2   LC-MSMS 
Adenine 8.81 x10-04 2.1   LC-MSMS 
γ-Glutamylglycine 7.32 x10-04 1.8   LC-MSMS 
Argininic Acid 1.01 x10-02 1.6   LC-MSMS 
Glutamine 2.21 x10-03 1.6   LC-MSMS 
Pyrrolidonecarboxylic 2.19 x10
-03 1.6   LC-MSMS 
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 NADP 1.80 x10-02 1.5 1.06 x10-02 -1.4 NMR 
Xanthosine 3.67 x10-03 1.5   LC-MSMS 
Glycine 1.80 x10-02 1.1   NMR 
Glutathione 1.96 x10-03 -1.2   NMR 
3-Hydroxybutyrate 8.51 x10-03 -1.3   NMR 
Isoleucine 4.30 x10-03 -1.3 2.97 x10-02 1.4 NMR 
Phenylalanine 1.02 x10-02 -1.3 1.77 x10-02 -1.3 NMR 
Succinate 1.59 x10-02 -1.3 3.41 x10-05 1.5 NMR 
Valine 1.96 x10-03 -1.3   NMR 
Acetate 1.02 x10-03 -1.4 2.27 x10-02 1.3 NMR 
Creatine 4.30 x10-03 -1.4 2.68 x10-02 1.3 NMR 
Tyrosine 3.70 x10-03 -1.4   NMR 
3-Methylxanthyne 7.50 x10-03 -1.5 1.46 x10-02 1.3 NMR 
Niacinamide 9.12 x10-03 -1.6 4.45 x10-02 1.4 NMR 
Glutamate 6.48 x10-04 -1.7 7.69 x10-05 1.4 NMR 
Uridine 1.67 x10-03 -1.7 5.67 x10-06 1.9 NMR 
Betaine 4.44 x10-04 -1.8 2.19 x10-02 1.4 NMR 
Choline 8.65 x10-04 -2 3.97 x10-03 1.3 NMR 
Pantothenic Acid 4.66 x10-02 -2   LC-MSMS 
Inosine 1.09 x10-02 -2.1 6.52 x10-04 1.7 NMR 
Tryptophan 1.94 x10-03 -2.2   LC-MSMS 
1,7-
Dimethylguanosine 
2.05 x10-02 -2.5   LC-MSMS 
Glutamyl-Lysine 3.15 x10-03 -2.6   LC-MSMS 
O-phosphocholine 4.44 x10-04 -2.9 2.41 x10-02 1.4 NMR 
Cytidine 6.25 x10-03 -3   LC-MSMS 
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Glycogen 3.36 x10-02 -3   LC-MSMS 
Cytosine 9.54 x10-03   -3.1   LC-MSMS 
5- Glutamyl-alanine 6.48 x10-03 -3.6   LC-MSMS 
Aminoadipic acid 4.89x10-03  -9.1   LC-MSMS 
ADP 2.82 x10-03 -12.9   LC-MSMS 
Glucose   4.33 x10
-02 1.2 NMR 
Lactate   3.07 x10
-02 -1.1 NMR 
Taurine     2.99 x10-02 1.4 NMR 
 
The untargeted analysis of the lipidic extracts lead to the annotation of 
fifty-six metabolites statistically different between the studied groups. 1H-NMR 
analysis also allowed the annotation of five differential groups of lipids 
(monounsaturated fatty acids (MUFAs), polyunsaturated fatty acids (PUFAs), 
total and free cholesterol and triglycerides (TG)). The complete list of these 
metabolites can be found at Table 2, including the analytical platform that 
allowed their annotation, as well as, the p values and FC of each statistical 
comparison between groups. As it can be seen in Table 2, thirty-nine of the 
metabolites annotated in the lipidic extracts were altered because of THS 
exposure (Table 2, “CTRL vs. THS” columns). In accordance with previous works, 
THS exposure increased lipid concentrations, being triglycerides the lipid family 
that presented higher concentrations in the THS liver samples (Flores et al., 
2016; Martins-Green et al., 2014). The comprehensive untargeted 
metabolomics approach presented here allowed the annotation of 21 different 
triglycerides, as well as other types of lipids such as oleic, linoleic and 
docosahexaenoic acids (DHA), MUFAs, PUFAs, seven unsaturated 
phosphocholines (PC) and two lysopophoscholines (lysoPC) that were increased 
by THS exposure. Conversely, we found that some saturated phosphocholines 
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(PC) (i.e. PC(36:0), PC(34:0)), sphingomyelins (SM) (i.e. SM(42:2), SM (36:1)), 
Coenzyme Q9 and free and total cholesterol decreased by THS exposure. 
Interestingly, the concentration of esterified cholesterol was not affected by 
THS exposure. In agreement with previous studies (Flores et al., 2016), the 
antioxidant treatment of THS exposed mice, decreased the total concentrations 
of lipids in liver, including the total concentration of triglycerides, DHA, and 
sphingomyelin. Nevertheless, the antioxidant treatment could not regulate the 
THS induced alterations of twenty-seven of the altered lipids including 
coenzyme Q9, MUFAs, oleic and linoleic acids and different kind of TGs, PCs and 
SMs. It also intensified the increase of PUFAs.  
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Table 2. Metabolites annotated in the lipidic extracts that were statistically relevant 
between THS-exposed and non-exposed liver samples (CTRL vs. THS) and between THS-
exposed mice and those exposed to THS and treated with antioxidants (THS vs. THS-
AO). For each metabolite, the FDR corrected p-value and fold change (FC) of each 
comparison and the determination technique is also indicated. (Abbreviations: TG: 
triglyceride, PC: phosphocholine, LysoPC: Lysophosphocholine, DHA: Docosahexaenoic 
acid, SM: sphingomyelin). 
Metabolites  
CTRL vs THS THS vs THS-AO  
Technique 
p-value FDR Fold Change p-value (FDR) Fold Change 
TG (52:6) 4.70 x10-03 9.2 2.90 x10-02 -3.5 LC-MSMS 
PC (42:6) 4.60 x10-04 6.9 
  
LC-MSMS 
TG (54:7) 5.06 x10-03 5 7.11 x10-03 -2.1 LC-MSMS 
TG (50:4) 1.62 x10-02 4.9 
  
LC-MSMS 
TG (32:2) 3.81 x10-03 4.5 1.65 x10-02 -2.7 LC-MSMS 
TG (50:2) 3.17 x10-03 3.4 
  
LC-MSMS 
TG (54:8) 1.80 x10-02 3.4 4.46 x10-03 -3.6 LC-MSMS 
TG (54:6) 7.37 x10-03 3.3 
  
LC-MSMS 
PE (36:6) 3.32 x10-04 3.3 
  
LC-MSMS 
TG (50:2) 1.19 x10-03 3.2 2.21 x10-04 -2.6 LC-MSMS 
TG (56:6) 3.44 x10-03 3.1 
  
LC-MSMS 
TG (52:5) 8.81 x10-03 2.9 
  
LC-MSMS 
PC (32:1) 8.08 x10-04 2.9 
  
LC-MSMS 
LysoPC (16:1) 7.32 x10-03 2.9 
  
LC-MSMS 
PC (36:6) 1.96 x10-03 2.9 
  
LC-MSMS 
Triglycerides 5.80 x10-03 2.7 2.09 x10-02 -1.8 NMR 
TG (51:3) 5.43 x10-03 2.7 
  
LC-MSMS 
LysoPC (18:1) 1.60 x10-02 2.7 
  
LC-MSMS 
PC (17:1) 1.15 x10-02 2.7 
  
LC-MSMS 
PC (36:4) 1.07 x10-03 2.5 
  
LC-MSMS 
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TG (51:1) 2.94 x10-03 2.4 
  
LC-MSMS 
PC (34:3) 4.47 x10-04 2.3 
  
LC-MSMS 
TG (49:2) 4.31 x10-03 2.3 
  
LC-MSMS 
TG (48:1) 1.47 x10-03 2.3 
  
LC-MSMS 
TG (54:2) 1.49 x10-03 2.2 
  
LC-MSMS 
PC (38:7) 1.22 x10-04 2.1 
  
LC-MSMS 
Oleic acid 7.56 x10-03 1.7 
  
NMR 
Linoleic acid 1.25 x10-02 1.3 
  
NMR 
DHA  8.03 x10-03 1.2 1.87 x10-02 1.2 NMR 
Monounsaturated Fatty 
Acids 





4.37 x10-02 1.1 2.09 x10-02 1.2 NMR 
Free Cholesterol 8.77 x10-03 -1.2 1.16 x10-03 1.5 NMR 
Total Cholesterol 5.80 x10-03 -1.3 2.68 x10-03 1.5 NMR 
Coenzyme Q9 1.06 x10-03 -2 
  
LC-MSMS 
PC (36:0) 5.93 x10-04 -2.3 1.37 x10-02 3.2 LC-MSMS 
SM (42:2) 3.27 x10-04 -2.3 
  
LC-MSMS 
SM (36:1) 2.45 x10-04 -2.3 
  
LC-MSMS 
PC (34:0) 9.55 x10-03 -3.7 5.67 x10-03 2.1 LC-MSMS 
PC (34:1) 2.53 x10-02 -3.8 
  
LC-MSMS 
Esterified Cholesterol   3.58 x10-04 2.8 NMR 
PC (35:2)   1.56 x10-03 2 LC-MSMS 
PC (36:5)   3.21 x10-03 -2.5 LC-MSMS 
PC (38:1)   2.99 x10-02 2.3 LC-MSMS 
PC (39:4)   9.29 x10-04 -2.5 LC-MSMS 
PC (40:4)   6.20 x10-04 -3.3 LC-MSMS 
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PC(41:7)   1.97 x10-04 -7.4 LC-MSMS 
Phosphatidylcholine   7.48 x10-03 1.3 NMR 
Phosphatidylethanolamine   6.49 x10-03 1.2 NMR 
Phosphatidylserine   2.67 x10-04 2.7 NMR 
SM (16:1)   1.96 x10-03 2.9 LC-MSMS 
Sphingomyelin   8.51 x10-04 2.4 NMR 
TG (36:2)   1.55 x10-02 -2 LC-MSMS 
TG(48:2)*   1.12 x10-03 -3.7 LC-MSMS 
TG (51:2)   3.14 x10-03 -2.3 LC-MSMS 
TG(56:2)    1.12 x10-02 -4.8 LC-MSMS 
TG (56:3)     9.58 x10-03 -2.3 LC-MSMS 
 
The aqueous and lipidic annotated metabolites significantly different in the 
CTRL vs THS and THS vs. THS-AO comparisons were subject to hierarchical 
clustering, to illustrate the variation of concentrations in the three studied 
groups. The obtained heatmap of the relative concentrations is represented in 
Figure 1. For the metabolites represented here, CTRL and THS-AO groups 
cluster together. This figure also shows the groups of metabolites that cluster 
together, such as the represented TGs, NADP and serotonin (increased by THS 
exposure and reverted by the antioxidant treatment), acetate, total and free 
cholesterol, isoleucine, uridine and succinate (decreased by THS exposure, but 
increased by the antioxidant treatment), or phenylalanine and AMP, whose 
deficiency caused by THS exposure is more pronounced by antioxidants.  
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Figure 1. Heatmap representing two-way hierarchical cluster analysis of the 
statistically relevant metabolites in both, aqueous and lipidic extracts, for the exposure 
to THS (CTRL vs. THS) and for the effect of the antioxidant intake of THS-exposed mice 
(THS vs. THS-AO). Clustering of samples is shown on the top axis and clustering of 
features on the left axis. Colors represent median relative intensity of each studied 
group. 
 
Finally, to illustrate the differences between the studied groups 
commented during this section, Supplementary material, Figure S1 shows the 
average 1H NMR spectra of the aqueous extracts and the individual spectra of 
some metabolites (Figure S1a). The differences between the 3 studied groups 
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can also be seen in the chromatographic peaks of the acquired LC-MS 
chromatograms shown in Figure S1b. Analogously, Supplementary material, 
Figure S2 shows the acquired 1H-NMR spectra (Figure S2a) and LC-MS 
chromatograms (Figure S2b) of the liver lipidic extracts. The detailed signals of 
some annotated lipids clearly show how the antioxidant treatment decrease 
the concentration of some types of lipids, such as triglycerides. However, it also 
shows that the concentrations of other lipids, such as sphingomyelins, are 
higher in liver samples of THS-AO mice than in those from CTRL and THS mice, 
indicating that the concentrations of these types of lipids were more influenced 
by the antioxidant treatment rather than THS-exposure. The combined effects 
of THS exposure and the antioxidant treatment against the non-treated group 
are presented at the Supplementary material, Section S3 and Table S2.  
The findings presented so far suggest, that although the antioxidant 
treatment would be able to balance some of the metabolic alterations in liver 
induced by THS, the possible side effects associated to the combination of THS 
exposure and antioxidants must be object of further study. 
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5.4.2 Spatial distribution of lipids 
The histological images of liver sections representative of CTRL, THS and THS-
AO, respectively, stained with oil red O (ORO) at two magnifications (×40 and 
×100 zoom) are shown in Figures 2a-f. As it could be seen from these figures, 
lipid droplet sizes were between 1.2-2.0 µm in CTRL liver sections, from 2.5 to 
3.9 µm in THS and between 1.6 and 3.0 µm in THS-AO liver sections (Figs. 2d-f). 
In accordance with previous studies (Martins-Green et al., 2014), lipid droplets 
were more abundant and larger in the THS-exposed mice (Figs. 2b & 2e). 
Furthermore, these images show that the antioxidant treatment reduced the 
number and size of lipid droplets regarding the THS group, but not at the levels 
of the CTRL group. The average LDI-MS spectra in the m/z region 750-1000 Da 
(corresponding to the majority of lipids) is represented in Figs. 2g-i. In 
agreement with the histological images, average MS signals of THS-exposed 
liver sections (Fig. 2h) were higher than the MS signals of the lipids of CTRL and 
THS-AO liver samples (up to 6-fold higher than those in the CTRL liver), thus 
confirming the lipidomic results obtained by untargeted metabolomics. 
Similarly, MS signals of THS-AO liver sections (Fig. 2i) were lower than those for 
THS, but higher than those in the control one (up to 2-fold higher). 
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b)   THS
d)   CTRLa)    CTRL g) CTRL
e)   THS h)   THS






i)   AO
 
Figure 2. (A-F) Oil red O stained sections (10 µm of thickness) of liver from CTRL, THS 
and THS-AO mice, at zooms ×40 (A-C) and ×100 (D-F). (G-I) Average LDI-MSI mass 
spectra in the lipid range area (m/z 750-1000) of consecutive liver slices, the y-axis 
represents relative intensity in arbitrary units (a.u). 
 
MS images of liver sections were analyzed to determine the spatial distribution 
of the lipids annotated by LC-MS that were statistically relevant between the 
experimental groups. Figure 3 shows the spatial distribution of four selected 
ions (m/z 758.47, m/z 800.51, m/z 873.69 and m/z 899.70, (Figs. 3a, 3b, 3c and 
3d, respectively) that were annotated as PE(36:6), PC(36:6), TG(52:6) and 
TG(54:7) by LC-MS/MS. These lipids were found in the form of their 
corresponding [M+Na]+ adduct in the MSI spectra of the liver sections within a 
mass error up to 14 ppm, in agreement with previous observations (Ràfols et al. 
2018). These figures represent the relative abundance of the selected ions in a 
color scale (showed to the right of the figure), where red represents the zones 
with higher ion signals and dark blue the minimum ones. As seen in these 
Figures, the relative intensities of these four ions were higher in THS-exposed 
liver, thus confirming the results obtained by LC-MS/MS. Images also show that 
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the different lipid classes represented here (PE, PC and TG) were similarly 
distributed in the THS-exposed liver forming comparable images. Since the 
spatial resolution of the MS images was between 10-20 µm, these images 
cannot draw individual lipid droplets, but areas with higher density of them are 
represented as red dots. From these images it could be derived that in THS-
exposed liver, PE(36:6) and PC(36:6) might be part of the PC layer that forms 
lipid droplets and that TG (52:6), TG (54:7) and TG (52:6) might be in the core of 
the lipids droplets, usually formed by TG and stearyl esters (SE) (Bartz et al., 
2007). Figure 3 also confirms that the treatment with antioxidants drastically 
reduces the TG accumulation induced by THS exposure, but cannot completely 

















a) b) c) d)
 
Figure 3. LDI-MS images of mice liver samples acquired at pixel size of 20 µm. Figures A 
to D plots the relative abundance of four of lipids (758.47 Da, 800.51 Da, 873.69 Da and 
899.70 Da, respectively), annotated as the [M+Na]+ adducts of (A) PE (36:6), (B) 
PC(36:6), (C) TG(52:6) and (D) TG(54:7).  
UNIVERSITAT ROVIRA I VIRGILI 
ADVANCES ON THIRDHAND SMOKE USING TARGETED AND UNTARGETED APPROACHES 
Sònia Torres Gené 
 221 
5.4.3 Effects of THS exposure in liver metabolism  
Pathway enrichment analysis of the relevant metabolites altered in THS-
exposed mice revealed that the exposure to THS significantly dysregulated 
twenty-one metabolic pathways (p-value (FDR corrected) < 0.05) vs. non-
exposed mice. Figure 4a represents these dysregulated pathways, their p-value 
and fold enrichment (FE). The most affected metabolic pathways were purine, 
glutathione, D-glutamine and D-glutamate, glycerophospholipid, glycine, serine 
and threonine, and oxidative phosphorylation metabolisms. Figure 4c maps the 
annotated dysregulated metabolites involved in the most altered pathways by 
THS exposure. D-glutamine and D-glutamate metabolism, oxidative 
phosphorylation, glutathione and glycerophospholipid metabolism were the 
metabolic pathways that presented higher FE and, therefore, that have a higher 




















D-Glutamate Metabolism Purine MetabolismGlutathione Metabolism
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Figure 4. (A) Metabolic pathways significantly dysregulated due to THS exposure 
(CTRL vs. THS) ordered from lowest to higher p value (FDR-adjusted p<0.05). The color 
degradation represents the p-value obtained from the enrichment analysis in MBROLE 
2.0 software, and bar length represent the fold enrichment score. (B) Dysregulated 
pathways between THS-exposed and THS-exposed treated with antioxidants mice (THS 
vs. THS-AO). (C) Representation of the altered metabolites included in the metabolic 
pathways most altered by THS exposure. Red color is used for metabolites up regulated 
and green for metabolites down regulated in THS-exposed liver samples. Asterisks 
indicate those metabolites balanced by the antioxidant treatment. Continuous lines 
express direct relation between metabolites and dashed lines that there are 
intermediate metabolites not shown in the figure. 
 Pathway enrichment between THS and THS-AO groups showed twelve 
dysregulated metabolic pathways (see Figure 4b). As seen in this graphic, the 
most altered pathways because of the antioxidant treatment were glycolysis 
and gluconeogenesis, glucose-alanine cycle, glycine, serine and threonine and 
taurine and hypotaurine metabolisms. We can also observe that the 
antioxidant treatment, could only affect five of the metabolic pathways altered 
by THS exposure (glutathione; glycerophospholipid; glycine, serine and 
threonine; alanine, aspartate and glutamate; and nicotinate and nicotinamide 
metabolisms), suggesting that the antioxidant treatment was not able to 
balance sixteen of the metabolic pathways altered by THS exposure. The 
metabolic pathways not reverted by antioxidants, include pathways related to 
lipid regulation, such as phospholipid biosynthesis, oxidative phosphorylation 
and carnitine synthesis metabolisms and also purine, D-glutamine and D-
glutamate and phenylalanine, tyrosine and tryptophan metabolisms. 
 
5.5  Discussion 
Hepatic triglyceride accumulation in liver samples of THS-exposed mice 
clearly reveals that THS causes abnormal lipid metabolism known as NAFLD, as 
it has been previously suggested (Martins-Green et al., 2014). NASH liver 
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characterizes for oxidative stress and lipid accumulation, among others (Rein-
Fischboeck et al., 2018). The oxidative stress suffered in liver of THS-exposed 
mice was demonstrated in previous studies that observed higher superoxide 
dismutase (SOD) activity and, as a result, increased levels of H2O2 and reactive 
oxygen species (ROS) (Adhami et al., 2017; Chen et al., 2018; Flores et al., 
2016). Flores et al., also found that there was no significant increase in catalase 
or GPx (glutathione peroxidase) activity, in consequence H2O2 was not 
properly processed and the levels of reactive oxygen species (ROS) remained 
high in the liver. They also found that NADP+/NADPH ratio in mice liver, which 
is an indicator of the cell reducing potential because GPx activity is coupled to 
the reduction of NADPH to NADP+, was decreased significantly because of THS 
exposure, showing that the reduction potential of these animals was decreased 
and might result in their inability to reduce the oxidative stress levels induced 
by the THS toxins. The increase of oxidative stress was in accordance with the 
increased levels of aspartate aminotransferase (AST) activity found in THS-
exposed mice. (Flores et al., 2016). 
Our multiplatform untargeted metabolomic approach allowed the 
annotation of eighty-eight metabolites altered by THS exposure, reporting for 
the first time some hepatic metabolic alterations caused by THS. At a metabolic 
level, glutamate and glutathione deficiency found in liver of THS-exposed mice 
could be indicatives of increased liver oxidative stress (Wu et al., 2004). 
Dysregulation of glutathione metabolism induced by THS exposure, agrees with 
previous findings in reproductive male cells (Hang et al., 2017). Lipidomic 
results also confirmed the increased oxidative stress in THS-exposed liver, 
corroborated, for example, by the higher levels of some 
lysophosphatidylcholines (LPCs) (Pyttel et al., 2012),  PUFAs and  DHA that are 
linked to higher risks of lipid peroxidation (Reis and Spickett, 2012).  
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Our findings also suggest impairment on the hepatic mitochondrial function 
including decreased levels of AMP and increased levels of some acylcarnitines 
in the THS-exposed liver samples (Hara et al., 2013; Koves et al., 2008). Besides, 
THS-exposed mice presented decreased levels of Coenzyme Q9, which plays an 
important role in mitochondrial energy and serves as a potent endogenous 
antioxidant.  
We also found metabolic markers of NAFL and NASH in the THS-exposed 
group. For instance, the increased levels of hepatic acylcarnitines and linoleic 
acid found in the THS group were in agreement with previous findings in human 
liver samples at the stage of NASH (Lake et al., 2015). Acylcarnitines are 
considered potential biomarkers for liver disease (Flanagan et al., 2010) since 
they are a key factor regulating the balance of intracellular sugar and lipid 
metabolism (Li et al., 2019). In addition, several studies have demonstrated the 
link of acylcarnitines with the development of insulin resistance, glucose 
deterioration and type I and type II diabetes (Koves et al., 2008) (Sun et al., 
2016). Specifically, decanoylcarnitine and hexanolylcarnitine, which were 
increased in THS-exposed liver samples, have been significantly associated with 
diabetes (Sun et al., 2016), increased body fat and waist to hip ratio (Mai et al., 
2013). We have also found that all the annotated metabolites related to 
phosphatidylcholine synthesis including choline, betaine, phosphocholine, PCs 
and some sphingomyelins (SMs) were decrease in liver samples of the THS 
group, in agreement with reduced total hepatic phosphatidylcholine (PC) 
content associated to NAFL and NASH (Jacobs et al., 2013; Rein-Fischboeck et 
al., 2018). Choline deficiency has an important role in NAFLD, not only in the 
deposition of triacylglycerol in liver and reduced phospholipid synthesis 
(Sherriff et al., 2016)(Michel et al., 2006), but also in the expression of genes 
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involved in cell proliferation, differentiation and apoptosis, liver dysfunction 
(Michel et al., 2006) and cancer (Kwee et al., 2017).  
The altered fatty acid profile found in THS exposed liver samples was in 
accordance with the profile of smokers plasma developed by Müller et al. 
(Müller et al., 2014) where the metabolomics analysis revealed that MUFA and 
oleic acid significantly increased in smokers plasma. The same study also 
concluded that PC mostly containing MUFA were up regulated in smokers’ 
samples and that saturated PC were down regulated in smokers. Our results 
also show this trend, as the annotated saturated PCs (PC (36:0) and PC (34:0)) 
were decreased in THS-exposed mice and phosphocholines containing mono 
and polyunsaturated fatty acids (e.g. PC (32:1), (36:6), (17:1), (36:4), (34:3) and 
(38:7)) were upregulated in liver of THS-exposed mice. Furthermore, our MS 
images showed that the lipids forming lipid droplets were unsaturated species 
consistently with previous observations in yeast cells by Grillitsch et al. 
(Grillitsch et al., 2011). The same authors also observed a higher accumulation 
of TGs in lipid droplets when cells were grown in oleic acid. Therefore, the 
increased levels of oleic acid of THS-exposed mice might be also related with 
the increase of triglycerides and unsaturated lipids in lipid droplets in the liver 
samples of the THS group. 
Considering that previous studies found that oxidative stress might be 
responsible for most of the THS induced dysregulations in liver, a treatment 
with antioxidant should be able to mitigate the effects induced by this 
exposure. In fact, Flores et al. found that mice treated with antioxidants 
presented H2O2 levels similar to non-exposed mice and significantly lower than 
THS-exposed ones, and higher GPx activity (Flores et al., 2016). The results of 
our metabolomics study revealed that although the antioxidant treatment 
mitigate some of the reported metabolic alterations caused by THS exposure, it 
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was not able to completely revert all of them. This was the case, for instance of 
glutamate, which is essential in the rate-limiting step of the of glutathione 
biosynthesis (Franklin et al., 2009). We found that glutamate levels decreased 
because of THS exposure and although it increased under the antioxidant 
treatment, did not returned to the levels found in the control group. Moreover 
D-glutamine and D-glutamate metabolisms were highly altered in THS exposed 
mice, but not all the annotated metabolites of this pathway were balanced by 
the antioxidant treatment, including glutathione that is key in the pathogenesis 
of liver disease. Furthermore, decreased ADP and Coenzyme Q9 levels, and 
phospholipid biosynthesis were also not balanced by antioxidants. Further, 
although antioxidant treatment was able to reduce lipid droplets and generally 
decrease the accumulation of triglycerides, it could not decrease some lipid 
levels such as PUFAs, DHA and some carnitines, neither the dysregulation of the 
carnitine synthesis metabolism found in THS exposed mice, and the health 
consequences associated to them. 
Besides, the THS-AO group presented increased levels of glucose and 
unbalanced glycolysis and gluconeogenesis metabolism. This metabolic 
pathway was only altered in the THS vs THS-AO comparison suggesting that a 
treatment with antioxidants affects this pathway more than THS exposure. 
Accordingly, we have found that the antioxidant treatment increased glucose 
levels. This result agrees with increased glucose levels in fasting blood glucose 
of THS-AO mice (Adhami et al., 2016), suggesting that the combined effect of 
THS exposure with antioxidants may imbalance other metabolic pathways not 
specifically altered by THS toxicants. 
The results presented here, indicate that THS exposure affects liver 
metabolism in a complex way and could be the basis of further research to 
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elucidate the molecular mechanisms underlaying the toxic effects of THS 
exposure in liver. 
 
5.6  Conclusions 
The exposure to THS toxicants caused metabolic disorders in liver of 
exposed mice, producing the dysregulation of dozens of metabolites and 
several metabolic pathways. Our untargeted metabolomics multiplatform 
approach has been revealed as a powerful tool for the annotation of 
metabolites that can potentially serve as biomarkers of early biological effects 
involved in THS exposure. We annotated 88 significant metabolites included in 
21 metabolic pathways dysregulated because of THS exposure. The exposure to 
THS toxicants significantly increased the accumulation of triglycerides in liver, 
altered the fatty acid, phosphocholine and acylcarnitine profiles, increasing the 
size and occurrence of lipid droplets. These findings support the relationship 
between THS exposure and NAFLD risk, in addition to the possible evolution to 
NASH due to the acute oxidative stress suffered in liver. The results found in 
THS exposed livers treated with antioxidants confirmed that oxidative stress is 
one of the major causes of THS-induced liver disease. The intake of antioxidants 
balanced some metabolite alterations induced by THS, but it was unable to 
revert all the molecular damage, including key metabolites in mitochondrial 
function and the hepatic metabolism of phospholipids and carnitines. Our study 
demonstrates the merit of multiple analytical platform-based metabolomics as 
a valuable approach for the annotation of biomarkers involved in NAFLD as well 
as dysregulated metabolites involved in THS exposure. 
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5.7  Supplementary Information  
Section S1. Untargeted results by NMR analysis 
1H NMR analysis of the aqueous extracts resulted in the annotation of 33 
metabolites, 22 of them statistically different between CTRL and THS groups, 
and 17 of them between THS and  THS-AO (Student’s t-test p value, FDR 
corrected < 0.05, FC > 1.1). Analysis of the lipidic extracts resulted in the 
annotation of 13 metabolites, 8 of them significantly different between CTRL 
and THS, and 10 of them between THS and THS-AO groups. The metabolites 
annotated in the NMR spectra without statistical significance are presented in 
Table S1. 
Table S1. Identified metabolites in the 1H NMR spectra without statistical 
significance between the studied groups. FDR corrected p values for each 
comparison, are also shown in this Table. 
Metabolite 
CTRL vs. THS THS vs. AO 
p-value (FDR) p-value (FDR) 
Alanine 8.71x10-02 3.76x10-01 
Methionine 4.12x10-01 1.50x10-01 
Histidine 7.67x10-01 1.20x10-01 
Cholic Acid 4.10x10-01 9.41x10-01 
Phospholipids 1.43x10-01 2.39x10-01 
Diglycerids 2.46x10-01 4.77x10-01 
Plasmalogen 8.67x10-01 5.36x10-01 
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Section S2. Untargeted results by LC-MS analysis 
Aqueous extracts: LC-MS analysis of the aqueous extracts resulted in a 
matrix of 9344 features after filtering by intensity and analytical variation (as 
explained in the methods section). The number of relevant features after 
preforming a Student’s t-test between CTRL and THS groups was 2583 (FDR-
adjusted p-value < 0.05, FC > 2), of them only features with an absolute fold 
change higher than 2 (1560 features) were selected for putative annotation 
against the HMBD. A total of 119 features presented a candidate for the [M+H] 
+ adduct and had relevant biological interest, thus selected for further MS/MS 
analysis resulting in the annotation of 29 metabolites. Metabolite annotation 
was performed manually by a qualified analyst. The experimental spectra were 
compared to those provided by the Metlin and HMDB databases, which were 
obtained by analysing pure chemical standards, in the same ionization mode 
(ESI (+)), mass spectrometer instrument (QTOF), and the same collision energy 
for the fragmentation of precursor ions (20 ev). We performed the search by 
selecting the exact mass of the precursor ion, within a mass error of 5 ppm. We 
annotated the metabolites by comparing the available MS/MS spectra for each 
precursor mass with our experimental MS/MS spectrum looking at the 
coincidence of the exact mass of the fragments and their relative abundance. In 
case of minimal doubt, we did not annotate the metabolite to avoid false 
positive identifications. For the THS vs AO comparison, 566 features presented 
differences by LC-MS analysis (FDR-adjusted P<0.05, Fold Change > 2), of those 
34 were putatively annotated against the HMDB within 5 ppm of mass error 
and selected for MSMS analysis. This process resulted in 2 annotated 
metabolites.  
Lipidic extracts: The LC/MS data analysis of the lipidic extracts resulted in a 
matrix of 5498 filtered features. After filtering, 1541features presented 
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significant difference between CTRL vs THS (FDR-adjusted p-value < 0.05, FC > 
2)). Of those 114 resulted in a possible annotation against the HMDB and 
LipidMaps data bases, with candidate for the [M+H]+ (69) and [M+NH4]+ (45) 
adducts to perform the MS/MS analysis. In the case of lipids, we also included 
the ammonium adduct [M+NH4]+  since it is the most abundant adduct of 
some lipids including triglycerides. Thirty-one metabolites could be annotated 
following our criteria. In the THS vs AO comparison, 278 features in the LC-MS 
analysis presented significant differences between groups, of those 39 resulted 
in a possible annotation against the HMDB and LipidMaps data bases and 19 
lipids were identified by MS/MS spectra. 
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Figure S1. a) Annotated one dimensional 1H-NMR spectra and b) UHPLC-QTOF 
chromatograms of the aqueous extracts from CTRL (green), THS (blue) and THS-
AO (red) liver mice. 
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Figure S2. a) Annotated one dimensional 1H-NMR spectra and b) UHPLC-QTOF 
chromatograms of the lipidic extracts from CTRL (green), THS (blue) and THS-
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Section S3. Relevant metabolites between CRTL and THS-AO groups  
Table S2 shows the 12 metabolites that were found altered by the 
combined effect of THS exposure and antioxidant treatment, regarding the 
non-treated group (CTRL vs. THS-AO). Of those the ones more affected by the 
antioxidant treatment are isoleucine and uridine, those metabolites are down 
regulated due to THS exposure and completely revert due to the antioxidant 
treatment to levels even higher than in CTRL group. For the case of 
phenylalanine and glutamine the antioxidant treatment aggravates the effect of 
the THS exposure, decreasing even more the levels of phenylaniline and raising 
the levels of glutamine. With this comparison we can also see that for five of 
the most altered metabolites; glutamate, betaine, choline, o-phosphocholine 
and 3-metylxanthine the antioxidant treatment helps to ameliorate the 
metabolic alterations caused by THS exposure, but it cannot revert the 
concentrations of these metabolites to the levels found in the CTRL group. 
Regarding lipidic extracts, only three phosphocholines (PC (34:0), PC (34:1) 
and PC (36:0)) presented significant differences between the groups. The 
antioxidant treatment reverts THS exposure effect, increasing the PCs 
concentration to higher levels than those found in the CTRL group.  
Table S2. Metabolites statistically relevant between CTRL and THS-AO 
groups. For each metabolite, we also provide the FDR corrected p-value and 
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CTRL vs THS-AO 
Metabolite p value (FDR) FC 
O-phosphocholine 1.05×10-3 -2.0 
Choline 1.05×10-3 -1.5 
Phenylalanine 1.05×10-3 -1.4 
Betaine 2.16×10-2 -1.3 
3- methylxanthine 4.04×10-2 -1.2 
Glutamate 1.64×10-2 -1.1 
Uridine 1.71×10-3 1.2 
Isoleucine 4.49×10-2 1.3 
PC (34:0) 2.99×10-2 1.8 
PC (36:0) 3.45×10-2 1.3 
Glucose 2.81×10-2 1.3 
Taurine 1.08×10-2 1.5 
PC (34:1) 2.99×10-2 2.9 
Tyrosine 2.01×10-5 -1.3 
Glutamine 1.71×10-3 1.3 
Histidine 6.86×10-3 -1.2 
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This thesis aimed to advance on the current knowledge about a new poorly 
studied way of exposure to tobacco smoke toxicants: thirdhand smoke. To 
accomplish that, this thesis has been divided in two main objectives: to improve 
the chemical characterization of THS, and to advance on the health effects 
derived from THS exposure.  
In order to contribute on the advance on THS exposure we have gathered 
the available information to date to understand the advantages and limitations 
of the performed exposure studies to provide the community with an overview 
of the issue and to be able to move in the right direction. To achieve the second 
objective, we have applied classical approaches, such as the targeted study of 
the tobacco-specific compounds in THS, in combination with untargeted 
approaches usually used in other fields such as metabolomics but applied for 
the first time to the chemical characterization of THS. For the achievement of 
the third objective the health impact of THS has been studied conducting a 
metabolomic study using a murine model exposed to THS in conditions that 
mimic children’s exposure in smokers’ homes.  
In this section we will discuss the advances and achievements presented in 
this thesis as well as the limitations and the future research regarding THS and 
the methodologies used.  
 
6.1  SHS and THS biomarkers  
In Chapter 2 we present a review with the recent advances and future 
perspectives of the assessment of SHS and THS exposure that has been 
published in the International journal of environmental research and public 
UNIVERSITAT ROVIRA I VIRGILI 
ADVANCES ON THIRDHAND SMOKE USING TARGETED AND UNTARGETED APPROACHES 
Sònia Torres Gené 
 243 
health. The relevance of the topic is supported by the high number of citations; 
18 to date. 
One of the main limitations in assessing the risk of exposure to THS is the 
lack of specific biomarkers. Several authors, have stablished threshold values 
for cotinine concentrations in urine and blood as an attempt to differentiate 
SHS exposure from active smoking, based on the data obtained from large 
epidemiological studies such as the National Health and Nutrition Examination 
Survey [NHANES] 1–3 of the US. However, THS is a relatively recently known 
route of exposure and it is not considered in most of the surveys. Consequently, 
the measured exposure is usually a combination of SHS and THS. 
In order to shed light on this issue and summarize the concentration ranges 
found in the research made up to date, SHS and THS exposure values have been 
discussed in this thesis. As an example, we observed that urinary concentration 
of both cotinine and NNAL do not serve to differentiate between low exposure 
to SHS and THS exposure, being the concentration range of low SHS exposure 
for cotinine (0.05 – 5ng/mL), and (0.25-30 ng/mL) for THS and (0.95-2.21 
pg/mL) and  (2.7-6.7 pg/mL) for NNAL respectively 4. However, it has been 
observed that the urinary ratio NNAL/cotinine is higher in THS exposed than in 
SHS or active smokers 5. Certainly, the simultaneous determination of nicotine 
and TSNAs related biomarkers as well as the search of specific THS biomarkers 
would be key to estimate the level of exposure to THS. Although the 
simultaneous determination of more than one tobacco biomarker would help 
to a better characterization of THS exposure, complementary approaches are 
needed to determine the health effects derived from THS exposure.  
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6.2  Analytical procedures and characterization of the 
chemical composition of THS in indoor dust  
Regarding the chemical characterization of THS, previous research was 
mainly focused on the application of targeted approaches to determine 
tobacco smoke toxicants in dust. In most of the studies the concentration of 
nicotine deposited in dust have been used as THS marker in order to study the 
levels of THS contamination in indoor environments 6–11. Although it is known 
for the community that nicotine reacts to form secondary pollutants, few 
studies have simultaneously analyzed other tobacco-specific markers, such as 
tobacco-specific nitrosamines (TSNAs), making a partial THS characterization. 
Nicotine is directly related to tobacco use, however, once released into the air 
and absorbed into indoor surfaces, it reacts to form TSNA, so its isolated 
analysis provides limited information about a household's smoking habits. 
However, the analysis of different THS markers as well as the ratio 
TSNAs/nicotine provides a clearer idea. As an example it has been found that 
the NNK/nicotine ratio is higher in house dust samples of non-smokers homes 5.  
In the last decades different methods have been developed for the analysis 
of nicotine 9,12–15 or nicotine and TSNAs in dust 6,11,16. Targeted approaches are 
suitable for the development of methods to simultaneously determine nicotine 
and TSNAs in dust. However, a big analytical effort needs to be done in order to 
develop reproducible methods that reach the limits of quantification required 
for the determination of compounds, such as NNAL and NNA. These 
compounds are found in dust at very low concentrations (ng/g of NNAL/NNA 
vs. µg/g for nicotine). This wide range of concentrations as well as the different 
chemical properties of the targeted compounds makes more difficult the 
development of one single method for the simultaneous determination of 
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these compounds in dust samples. Consequently, the development of robust 
and sensible methods for the simultaneous determination of the different 
tobacco-specific compounds (THS markers) is essential for the assessment of 
THS exposure.  
To date THS has not been fully characterized since its analysis has been 
limited to the targeted analysis of tobacco specific compounds. To the best of 
our knowledge, untargeted approaches have been never used to enhance the 
chemical characterization of THS. Thus, untargeted approaches and new 
methodologies are very welcome since they would allow an advance in the 
search for new tracers and would help to understand how THS compounds 
behave together with other tobacco-specific and non-specific contaminants 
present in house dust. 
The ultimate goal in untargeted approaches is the comprehensive 
characterization and quantification of compounds. However, due to the large 
chemical diversity and the number of existing compounds and the emerging 
contaminants, the achievement of this goal will depend on the analytical 
methods and platforms used and the data processing strategies applied. 
Regarding the analytical methods, several studies for the non-target screening 
of dust have been described, using comprehensive two-dimensional liquid 
chromatography-coupled to TOFMS 17 and two dimensional gas 
chromatography coupled to TOFMS18 as analytical techniques. Although these 
techniques have shown its strength in resolving complex environmental 
matrices they not provide a real advance on the compound identification. In 
the last decades the advance of the HRMS instruments have played an 
important role for the identification of unknowns due to the exact mass and/or 
the possibility to perform MSMS experiments. However, few studies have been 
performed for the untargeted analysis of indoor dust using HRMS 19–21.  
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In this context, to improve the chemical characterization of THS, the results 
of this thesis present two complementary strategies: a) the development of an 
enhanced analytical method for the simultaneous quantification of seven 
tobacco-specific toxicants in house dust, including NNA as a good candidate of 
exclusive marker of environmental THS contamination (Chapter 3);and b) the 
characterization of indoor dust samples from smokers’ and non-smokers’ 
homes, by combining the targeted analysis of tobacco-specific toxicants with a 
non-target screening approach followed by a novel workflow of compound 
annotation (Chapter 4).  
The developed targeted method for the trace analysis of nicotine, cotinine 
and four TSNAs presented in Chapter 3 is in accordance with the main trends in 
the analytical chemistry field including the use of high-throughput methods, 
with minimum time and solvent consumption and little sample manipulation. 
The method is based on a QuEChERS extraction, uses only 2 mL of solvent per 
sample, it is easy to automatize and doesn’t require specific and expensive 
equipment making it a method accessible to any laboratory. The proposed 
method reaches the limits of quantification necessary for the analysis of 
Nicotine and TSNAs which are lower compared to the limits obtained in 
previous studies 6,11,16. Despite not being an exclusive method for nicotine 
analysis, the limit of quantification is up to two orders of magnitude lower 
compared to a method frequently used for nicotine quantification (0.06 vs 10) 
ng g-1 18. Comparing with a method developed for the simultaneous 
quantification of nicotine and TSNAs, our LODs are lower for both nicotine (15.6 
vs 0.2) ng g-1 and TSNAs ranges (2.5-15 ng g-1 ) vs (0.12-2.66 ng g-1) 16. To the 
best of our knowledge this is the first time that nicotine and NNA are 
determined together using the same analytical workflow and instrumental 
platform. As an example in a previous study nicotine was analyzed using GC-MS 
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and the rest of TSNAs using LC-MS 11. The extraction method proposed also 
accomplishes the demanded characteristics for the development of extraction 
methods used in untargeted approaches, thus providing the extraction of a 
wide variety of organic compounds, minimizing sample manipulation. 
Moreover, the matrix effect has been reduced with the use of a sorbent that 
retains the big amount of lipids present in dust. 
The workflow developed for the untargeted analysis of dust samples 
presented in Chapter 4 combines the acquisition and data processing strategies 
from our group expertise on untargeted metabolomics, with a novel strategy 
for environmental toxicants identification applied as part of the research stay at 
the Environmental Cheminformatics Group at the Luxembourg Centre for 
systems Biomedicine.  
Analysis were performed using an orbitrap (Exactive) which is one of the 
mass analyzers with higher resolving power. For compound identification we 
explore the possibility of acquiring MSMS data using DDA mode. For feature 
prioritization we applied two different strategies, first features were selected 
when were found at least in 80% of the same group which is a common 
strategy in environmental analysis. Secondly, univariant statistics were applied 
in order to assess the quality of the experiment, and select relevant features 
between groups, which is a strategy commonly used in metabolomic studies. 
MS/MS data obtained was used for compound annotation by in silico 
fragmentation using Metfrag and library search against PubChem database. To 
the best of our knowledge only one previous study has used MSMS data and 
this methodology for the identification of toxicants in plastic toys 20. For other 
studies performed in dust, suspect chemicals with elevated exposure and/or 
toxicity potential were selected and used for further examination 19,21,24. 
Typically, suspect compounds are confirmed with the use of standards or 
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reacquiring the sample performing MS/MS experiments which imply long 
periods of time and several sample acquisition datasets. These methods 
present its own limitations, even though samples can be stored at -80°C, when 
reacquiring the sample for MS/MS confirmation deviations in retention time 
and instrument drift affects the reliability of the analysis. This kind of strategies 
are not in accordance with the most advanced methods proposed either in 
other fields such as metabolomics or the current methods proposed by 
environmental scientist 25. Current strategies are focus on finding automated 
methods for compound identification. Auto MSMS strategies allow the MSMS 
acquisition of hundreds of compounds in the same run allowing the 
identification of unknown compounds in a sample. However, the selection of 
the acquisition mode is not easy. DIA methods result in spectra that may 
potentially result from multiple precursor ions and DDA methods prioritize the 
compounds with higher intensity. Although in our case the acquisition in DDA 
mode allowed the annotation 152 features including nicotine, this kind of 
acquisition causes the loss of identifying compounds that are found in the 
sample at low concentration which is the common case when analyzing 
emergent pollutants such as those found in THS. Consequently, the TSNAs 
present in the samples were not automatically identified. Since this work is still 
in progress, new approaches for enhance the annotation of the compounds are 
being done.   
 
6.3  Advance on the health impact of THS exposure 
In the last decades, several studies has focused on unraveling the toxicity 
and the health impact of active smoking and passive smoking26. However, THS 
health effects at the molecular level and health impact on human beings are 
largely unknown. Regarding the health effects related to THS, different studies 
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have been conducted mainly using animal models and cells. Typically, that kind 
of studies measure changes in specific genes, proteins or metabolites to 
evaluate health damage 27. With these approaches it has been demonstrated 
that THS causes several alterations, including cellular damage in human cells 28 
and increased lipid levels in liver, excess of collagen production and high levels 
of inflammatory cytokines in lungs, poor wound healing and hyperactivity in 
mice29.  
Although these approaches provide valuable data, the information 
obtained from targeted approaches is limited and non-expected effects are not 
captured. Metabolomics is a highly appropriate tool to study organism-
environment interactions and therefore it is ideal for the characterization of the 
response to THS exposure. As far as we know, only one previous study has used 
metabolomics to assess THS exposure using cells 30 and the authors suggested 
that applying metabolomics to animal models would be useful to better 
characterize the alterations suffered by THS exposure. To the best of our 
knowledge, the study presented in Chapter 5 is the first metabolomics study to 
animal models for the characterization of the health effects associated to THS 
exposure. Although previous studies had characterized some of the alterations 
induced in liver of mice exposed to THS 31–33, several molecular alterations and 
the variety of the dysregulated metabolic pathways due to THS exposure are 
reported here for the first time.  
Using the multiplatform-metabolomics approach described in this thesis, 
eighty-eight metabolites altered by THS exposure were annotated. We also 
detected the dysregulation of twenty-one metabolic pathways including purine, 
glutathione, glutamine and glutamate, glycerophospholipid, glycine, serine and 
threonine, and oxidative phosphorylation metabolisms. The main health effect 
associated with THS exposure was abnormal lipid metabolism known as NAFLD, 
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being oxidative stress the main mechanism for the alterations suffered, as it 
has been previously suggested 29. MSI permitted the visualization of the lipid 
accumulation suffered in liver and the discovery of the different distribution of 
lipids in liver, thus opening a new field of research beyond THS exposure. Since 
the oxidative stress suffered in liver of mice exposed to THS was already 
known, the effect of a treatment with antioxidants had been previously 
studied. Authors found that that the oxidative stress markers measured 
improved with antioxidant treatment 31,32. With our untargeted study we were 
able to capture unexpected alterations finding that some alterations were not 
reverted with the administration of the antioxidant treatment. Since these 
results would not have been reported with a targeted approach, we strongly 
believe that by applying metabolomics to different organs and biofluids would 
help to better understand the health effects related to THS.  
 
6.4  Future trends and perspectives  
THS exposure is still a relatively new phenomenon, although many 
advances have been done the last years, future research must focus on 
facilitating hazards identification and exposure and carry out robust risk 
assessment to address THS impact on susceptible populations. The 
implementation of non-targeted methods would facilitate a complete 
characterization of THS and the search for new specific environmental markers.  
In order to advance on the THS chemical characterization future research 
must be focused on improving identification strategies, searching for common 
workflows and reducing analysis time. Relying on already working strategies 
such the ones used in metabolomics studies may be key for the untargeted 
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environmental analysis to advance rapidly. Regarding the optimization of the 
identification workflow, improvements on sample acquisition must be applied. 
Advanced strategies aim to perform MS and MSMS experiments at a time in 
order to reduce analysis time and sample manipulation. Consequently, 
methods that prioritize features of interest must be key. This would probably 
involve the implementation of rapid and exploratory data analysis at the time 
the sample is being acquired. 
For the health impact caused by THS, metabolomic studies would be key 
for the search of new biomarkers to assess THS exposure and facilitate the 
differentiation between THS, active smoking and SHS. The application of 
metabolomics to animal models would reveal the possible health effects 
related to THS. However, in order to identify the hazards caused by THS results 
must be validated using human datasets. Finally, a big effort on communication 
must be done by the community to bring awareness of this risk to the 
population and the authorities so new policies must be implemented to 
prevent exposure to THS and avoid THS contamination in public spaces.  
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